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THE ORIGIN AND NATURE OF PROTEINS OF THE LIQUOR 
AMNII IN THE RHESUS MONKEY; A NEW PROTEIN WITH 
SOME UNUSUAL PROPERTIES 


By D. R. BANGHAM, K. R. HOBBS anp D. E. H. TEE 


From the National Institute for Medical Research 
Miil Hill, London, N.W. 7 


(Received 11 January 1961) 


Little is known of the origin, nature, fate or function of proteins which 
occur in the amniotic fluid (liquor) surrounding the foetus in primates. 
Apart from some analyses by paper electrophoresis (Abbas & Tovey, 1960) 
most of the literature on human liquor proteins is related to particular 
biological activities, such as incomplete Rh antibodies (van Bolhuis, 1958; 
Wild, 1960) Rh substances (Witebsky & Mohn, 1945) and clotting factors 
(Wiener, Reid & Roby 1949; Gagliardi, Stefanini & Stanton, 1957). 

We have previously reported experiments in rhesus monkeys dealing 
with the transmission of “'I-labelled maternal serum proteins from the 
mother to the foetus (Bangham, Hobbs & Terry, 1958; Bangham, 1960) 
and from the foetus to the mother (Bangham, Hobbs & Tee, 1960). We 
found that some, if not all, of the major protein components of serum 
present in the liquor are contributed by the mother and very little by the 
foetus. Some, if not all, of these same proteins return to the maternal 
circulation; although liquor is continually swallowed by the foetus, 
insignificant quantities of proteins survive absorption to reach the foetal 
circulation intact. 

In the course of these investigations we found that the predominant 
protein present in the liquor in the rhesus monkey in mid pregnancy occurs 
exclusively in the liquor and is not demonstrable in serum. We report in 
this paper some biochemical and biological properties of this hitherto 
undescribed protein and discuss the origin and fate of other proteins of the 
liquor amnii. 

METHODS 

Source of material. Liquor was collected from pregnant rhesus monkeys (Macacus rhesus), 
4-5 kg weight, between 2 and 5 months pregnant (the gestation period is about 54 months). 
Samples uncontaminated by blood were taken by percutaneous puncture, or by aspiration 
through clean exposed foetal membrane at operation, or from an indwelling cannula in the 
amniotic cavity (Bangham ef al. 1960). Some 40-60 %, of the total volume of the liquor was 
removed at weekly intervals from one monkey provided with such a cannula; after each 
aspiration the equivalent volume of Krebs-saline solution was reinjected. 
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liquor amnii. 

METHODS 


Source of material. Liquor was collected from pregnant rhesus monkeys (Macacus rhesus), 
4-5 kg weight, between 2 and 5 months pregnant (the gestation period is about 54 months). 
Samples uncontaminated by blood were taken by percutaneous puncture, or by aspiration 
through clean exposed foetal membrane at operation, or from an indwelling cannula in the 
amniotic cavity (Bangham ef al, 1960). Some 40-60%, of the total volume of the liquor was 
removed at weekly intervals from one monkey provided with such a cannula; after each 
aspiration the equivalent volume of Krebs-saline solution was reinjected. 
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Little is known of the origin, nature, fate or function of proteins which 
occur in the amniotic fluid (liquor) surrounding the foetus in primates. 
Apart from some analyses by paper electrophoresis (Abbas & Tovey, 1960) 
most of the literature on human liquor proteins is related to particular 
biological activities, such as incomplete Rh antibodies (van Bolhuis, 1958; 
Wild, 1960) Rh substances (Witebsky & Mohn, 1945) and clotting factors 
(Wiener, Reid & Roby 1949; Gagliardi, Stefanini & Stanton, 1957). 

We have previously reported experiments in rhesus monkeys dealing 
with the transmission of ™I-labelled maternal serum proteins from the 
mother to the foetus (Bangham, Hobbs & Terry, 1958; Bangham, 1960) 
and from the foetus to the mother (Bangham, Hobbs & Tee, 1960). We 
found that some, if not all, of the major protein components of serum 
present in the liquor are contributed by the mother and very little by the 
foetus. Some, if not all, of these same proteins return to the maternal 
circulation; although liquor is continually swallowed by the foetus, 
insignificant quantities of proteins survive absorption to reach the foetal 
circulation intact. 

In the course of these investigations we found that the predominant 
protein present in the liquor in the rhesus monkey in mid pregnancy occurs 
exciusively in the liquor and is not demonstrable in serum. We report in 
this paper some biochemical and biological properties of this hitherto 
undescribed protein and discuss the origin and fate of other proteins of the 
liquor amnii. 

METHODS 

Source of material. Liquor was collected from pregnant rhesus monkeys (Macacus rhesus), 
4-5 kg weight, between 2 and 5 months pregnant (the gestation period is about 54 months). 
Samples uncontaminated by blood were taken by percutaneous puncture, or by aspiration 
through clean exposed foetal membrane at operation, or from an indwelling cannula in the 
amniotic cavity (Bangham ef al, 1960). Some 40-60 %, of the total volume of the liquor was 


removed at weekly intervals from one monkey provided with such a cannula; after each 
aspiration the equivalent volume of Krebs-saline solution was reinjected. 
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RESULTS 
Biochemical properties of the liquor protein 

Electrophoresis. On paper electrophoresis (barbitone buffer pH 8-6, 
I = 0-05) the liquor protein in concentrates of liquor moved between 
a,- and «,-globulin (PI. 1, fig. la-c). If it was labelled with ™I (see below) 
and small amounts were loaded, it stayed at the origin, presumably firmly 
bound to the paper. It stained with lissamine green, but not with stains 
for fat; it stained with periodic Schiff reagent (PAS) with about the 
same intensity as albumin; it did not show metachromasia with toluidine 
blue. 

On electrophoresis on a column of treated cellulose, in borate buffer 
pH 8-6, J = 0-05, it migrated approximately between «,- and «,-globulin. 
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Text-fig. i. Diagrarn of conventional two-dimensional paper—starch-gel electro- 
phoresis (Poulik & Smithies, 1958) of proteins of liquor amnii which had been con- 
centrated by pressure dialysis; buffer and pH conditions as stated in text. Proteins 
were subjected to paper electrophoresis, giving the separation shown by the shaded 
areas in the diagram below the line AB, (origin at A, anode at B). An unstained 
strip of this paper was inserted in a slit in the starch gel along the line 4B and electro- 
phoresis in the gel carried out at right angles, with the anode at +. The shaded areas 
show the localization of proteins. (A control sample of proteins which had been 
loaded at the same time in the gel at CD gave the separation indicated by the shaded 
areas above that line.) The ‘liquor protein’ migrated in the a-globulin region on 
paper, but ahead of albumin in the starch gel; it was well separated from the fast 
a,-glycoprotein, which migrated just above and to the right of the albumin. 
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In Ionagar (Oxo Ltd) 1 g/100 ml. in the same buffer it had similar mobility 
(Pl. 1, fig. 2a-e). 

With starch-gel electrophoresis (Connaught Laboratories potato starch 
Batch 112, with glycine-sodium glycinate buffer pH 8-6, J = 0-05) the 
protein migrated in front of albumin and behind the pre-albumins often 
found in monkey serum under these conditions. Separation of the protein 
from the acid «,-glycoprotein, which normally migrated in the front edge 
of the albumin, was best achieved by two-dimensional paper—starch-gel 
electrophoresis (Poulik & Smithies, 1958) (Text-fig. 1). Although it moved 
on the starch gel as a thin single line when present in small concentration, 
when increasing amounts were loaded the protein showed a tendency to 
form a halo, an effect not seen with other proteins. When large amounts 
were loaded the halo entirely overlapped the albumin. 

Isolation. The protein was precipitated by protamine (apparently 
irreversibly) by adjustment of a solution to pH 4 (which is approximately 
the iso-electrie point), by treatment with sodium sulphate 15 g/100 ml., by 
ethanol 70% (v/v) and by perchloric acid 10% (v/v). It was soluble in 
ethanol 60 % (v/v), in acetic-acid-water—methanol solution (10, 45, 45% 
(v/v)), the washing solution used after staining with amido black, and was 
not precipitated by a solution of streptomycin 20%, (w/v). 

It has been isolated by precipitation with sodium sulphate 15 g/100 ml. 
followed by electrophoresis on cellulose columns, or by passing through a 
column of Dextran gel (Porath, 1960), Sephadex G 75 (Pharmacia, Uppsala) 
50cm x 1-5em, in 0-09 g/100 ml. saline, if necessary two or three times (‘Text- 
fig. 2). Nearly all such preparations were contaminated with small amounts 
of the second pre-albumin and trace amounts of the first pre-albumin. 

The molecular weight of our purest preparation, determined in the ultra- 
centrifuge by the method of Archibald (1947), was 35,000. The Sy» _,, of this 
preparation was 2-93. The optical density of a solution 0-17/100 ml. borate 
buffer at 280 and 250 my was 1-0 and 0-6 respectively. 

Stability. The protein was stable in distilled water and in high salt con- 
centration (NaCl 10 g/100 ml.); it was stable between pH 5 and 9, to 
boiling for 5 min, and to freeze-drying. It remained unchanged in serum 
and in its native liquor at 37° C for 4 weeks. On the other hand, under 
conditions which have not yet been defined it sometimes changed to at 
least two unstable substances of smaller molecular weight. Both substances 
were seen immediately after staining the starch gel with amido black. Under 
the conditions of electrophoresis stated above, the mobility of both these 
substances was reversed; one moved not far from the origin, the other 
moved as a more discrete band further towards the cathode. The latter 
stained band disappeared from the starch gel block within some 24 hr in 


the acetic-acid—water—methanol washing fluid. Confirmation that these 
14-2 
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two substances were of smaller molecular weight came from observations 
on the ultracentrifuge and on the elution pattern from a column of Sephadex 
G75. Both substances, however, have so far proved in themselves too 
unstable to handle and analyse. This ‘spontaneous’ change has occurred 
inconstantly, in whole liquor and in the purest preparation achieved, at 
+4° C, and during simple dialysis of an ammonium sulphate precipitate 
against cold running water overnight. 


y-Globulin, 
etc. 


Liquor protein 


Absorbance 280 my 


Text-tig. 2. Elution pattern of proteins of liquor amnii, precipitated by sodium 
sulphate 15 g/100 ml., run on a column of Sephadex G75 (50cm 1-5 em, in 
NaCl 0-09 g/100 ml.) The protein was measured by absorbance at 280 my. The 
second protein peak (indicated by the bracket below abscissa) was pooled and re- 
run, giving the single peak indicated by the interrupted line. This is the ‘liquor 
protein’; ultracentrifuge studies showed it to be homogeneous and to have a mol.wt. 


of 35,000. 


Immuno-electrophoresis. Rabbit anti-normal rhesus monkey serum and 
anti-pregnant rhesus monkey serum showed no precipitation with the 
liquor protein (PI. 1, fig. 2g). It has proved very difficult to obtain a good 
precipitating antiserum; although immunizing courses were given to six 
rabbits with preparations mixed with Freund’s adjuvant, we have not yet 
been able to prepare a satisfactory antiserum of high specific titre. It is 
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not known whether this was due to the instability of the protein under the 
conditions of preparation and immunization, or whether it is an inherent 
property of the protein itself. We have so far been unable to demonstrate 
the presence of the liquor protein in maternal or foetal serum or urine. 


Biological properties 

Occurrence. This particular protein has been found in liquor of all the 
rhesus, and the two vervet (Cercopitheus aethiops) and one cynomolgous 
(Macacus irus) monkeys examined. Extensive search, by starch-gel 
electrophoresis, in maternal and foetal serum and urine and in large 
amounts of pooled normal rhesus serum which had undergone the extrac- 
tion procedure for the protein, failed to show it. It was absent from saline 
extracts of foetal skin, liver and umbilical cord; possible traces of it have 
been found in saline extracts of washed fresh foetal membranes, placental 
villi and the basal plate of the placenta. Although we have shown that 
electrophoretically normal ''I-labelled serum proteins could survive in the 
stomach, jejunum, ileum and colon of the foetus, the liquor protein has 
been found only in trace amounts in the stomach and duodenum. No 
protein with similar electrophoretic behaviour has been found in human 
maternal or foetal serum or liquor from 6 to 40 weeks of gestation. Nor 
has a comparable acidic protein been seen in the amniotic or allantoic fluid 
of representatives (cow, sheep, cat, guinea-pig, rat and rabbit) of the five 
main placental types which have been examined. 

Concentration and synthesis. The total protein concentration in liquor 
in the rhesus monkey as measured by the biuret method was 3-5 mg/ml. 
At about the middle of pregnancy, the liquor protein accounted for some 
70%, of the total; it decreased in concentration during the last 2-3 weeks 
of pregnancy until at term there was little present. If the volume of the 
liquor in the rhesus in mid pregnancy is taken as 100 ml., there was thus 
some 230-350 mg present. After removing 40-60 ml. of liquor at weekly 
intervals on three occasions the protein was found in approximately normal 
concentration in liquor removed | week later. The fast mobility of some 
proteins on electrophoresis is due to phosphoric-acid groups bound to the 
protein. The reversed charge of the smaller protein fragments of the liquor 
protein, after the spontaneous change of the molecule, might then be 
explained by the separation of the phosphorus-containing group. An 
experiment was therefore done to see if radioactive phosphorus could be 
incorporated into the protein in vivo. No significant amount of radio- 
activity was found in the protein isolated from liquor into which 200 pe 
of *P, as an isotonic solution of orthophosphate, pH 7, had been injected 
percutaneously in vivo up to 24 hr previously. 
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Lack of binding of radioactive thyroxine. Because of its position in the 
inter-« globulin region on electrophoresis on paper, and its position in front 
of albumin on electrophoresis on starch gel—the positions where thyroxine- 
binding protein(s) migrate(s)—the liquor protein was investigated for its 
capacity to bind radioactive thyroxine. The latter was added to con- 
centrated liquor (80-100 mg protein/ml.) at the physiological level present 
in normal human serum (< 0-05 yg/ml.). Radioautographs of the proteins 
separated by starch-gel electrophoresis, however, showed that no radio- 
activity was associated with this protein. 

Labelling with ™ 1. The liquor protein isolated by repeated electrophoresis 
on @ cellulose column was labelled with ™I by McFarlane’s (1958) method 
at < | atom per molecule (mol. wt. assumed 40,000). The electrophoretic 
mobility of the isolated protein when returned to native liquor proteins 
was unchanged after labelling. On two occasions liquor proteins were 
labelled with ™I and injected percutaneously into the amniotic cavity 
of rhesus monkeys in mid pregnancy. Samples of maternal serum 
taken at successive intervals up to 48 hr afterwards, and subjected to 
column electrophoresis, failed to give unequivocal evidence that the 
liquor protein had been absorbed into the circulation. The protein was 
stable in serum in vitro and retained its characteristic electrophoretic 
mobility when mixed with maternal or foetal serum. We have no know- 
ledge yet of the survival of the liquor protein in circulating blood. 


DISCUSSION 
The proteins in the liquor amnii 


A comprehensive study of the proteins present in maternal and foetal 
serum and liquor is being made by one of us (Tee). Samples from human 
beings and monkeys at various stages of pregnancy have been examined by 
agar and starch-gel immuno-electrophoresis. Observations show that both 
human and monkey liquors contain many of the major protein components 
of serum, including two pre-albumins (determined by starch-gel electro- 
phoresis pH 8-6), fast «,-glycoprotein, albumin, «,- and «,-globulins, 
B-globulin (transferrin) variants, y-globulins and trace quantities of slow 
a,-glycoprotein. The absolute and relative concentrations of these proteins 
are different from those in serum, and change with the stage of gestation. 
The protein described in this paper appears to be a major exception in that 
it was found only in the liquor. It was present in all of the three species of 
monkey that we have been able to obtain, but it has not been found in 
human liquor at any stage of gestation (6-40 weeks). 
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The ‘liquor protein’ ; comparison with other known proteins 
which possess some similar characteristics 


There are several known proteins of primate (human) origin which 
resemble the ‘liquor protein’ in some respects: 
1. Orosomucoid, the acid «,-glycoprotein of serum (Winzler, 1960; Schmidt, 
1953) is similar in that it has alow mol.wt. (41,000), is stable to boiling, and 
is a poor antigen in rabbits. Although normally stable, treatment with 
neuraminidase or with 0-01 M acid liberates 10 molecules of sialic acid from 
the molecule, which then has its iso-electric point changed from pH 2-7 
to 5. It is unlike the liquor protein because it is a glycoprotein with a high 
concentration (41 °,) of carbohydrate, whereas the liquor protein stains like 
albumin with periodic Schiff reagent and has a low hexosamine concentra- 
tion ; orosomucoid moves in front of albumin on electrophoresis on starch gel 
under similar conditions, and the iso-electric points of the natural molecule 
and its degraded product are lower than those of the liquor protein. 
2. Fast «,-glycoprotein of serum (von Schultze, Géllner, Heide, Schonen- 
berger & Schwick, 1955; Winzler, 1960) moves ahead of albumin on 
electrophoresis on starch gel and its Sy is low (3-5 compared with 2-93 
for the liquor protein); in both respects it resembles, but is not identical 
with, the liquor protein. 
3. Chorionic gonadotrophin (Winzler, 1960), isolated from urine of preg- 
nant women, is another glycoprotein with a mol.wt. of 30,000, We have 
not compared the gonadotrophic properties of the liquor protein with those 
of extracts of the urine of pregnant monkeys, but we have found no protein 
with comparable electrophoretic properties in concentrates of maternal 
urine. Chorionic gonadotrophin occurs in very high concentration in 
certain parts of the placenta or membranes in some species (e.g. horse). 
The concentration of chorionic gonadotrophin, like that of the liquor 
protein, also drops sharply towards the end of pregnancy. 
4. Several other acid mucoproteins have been described in human urine 
(Heremans, Vaerman & Heremans, 1959), but again these differ from the 
liquor protein in that the latter is not rich in carbohydrate, 
5. Franklin (1959) has described a fragment of y-globulin with a mole- 
cular weight of, 35,000 low in carbohydrate, in adult human urine; 
however, the liquor protein showed no precipitation with antisera which 
reacted with monkey y-globulin. 


The transfer of proteins to and from the amniotic fluid 


Evidence from experiments with ™1-labelled proteins. The movement of 
some of the proteins to and from the liquor is now becoming clear. When 
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™T-labelled maternal serum proteins were injected intravenously into the 
maternal circulation in the pregnant rhesus monkeys (Bangham, 1960), 
radioactive albumin appeared rapidly in samples of liquor; 24 hr after 
giving the dose the concentration of labelled albumin (in radioactivity per 
millilitre) in the liquor and in the foetal serum was about | and 0-5 °%, 
respectively of that in the maternal serum; the specific activity of the 
albumin in the two fluids, however, was 15 and 0-3°%, at this time. The 
albumin was transmitted to the liquor and to the foetus in approximately 
similar amounts, but because of the low absolute concentration of albumin 
in the liquor the specific activity was some 40-50 times greater in the 
liquor than in the foetal serum. Other experiments showed that 24 hr 
after labelled foetal serum had been injected into the foetus (Bangham et al. 
1960) no significant amount of labelled protein was found in the samples of 
the liquor taken up to 3 days later. After 4 days albumin was found in the 
liquor with a specific activity higher than that in the maternal serum ; the 
source of this albumin was believed to be foetal urine, as traces of albumin 
can be found in it by immuno-electrophoresis, 

The latter experiment also showed that little or none of the serum 
globulins found in the liquor came from the foetus. Labelled serum 
globulins, however, were transmitted to the liquor from the maternal cir- 
culation (Bangham, 1960); they were present in lower concentration and 
possessed lower specific radioactivity than the albumin, Small amounts of 
the major globulin fractions were found in the liquor, whereas labelled 
y globulin was transmitted to foetal serum. 

When labelled serum proteins were injected into the liquor, albumin and 
at least some of the globulins appeared in the maternal serum. Similarly, 
when labelled proteins of native liquor were injected into the amniotic 
cavity the same proteins were found in the maternal serum, but with the 
notable exception of the ‘liquor protein’ described above. (No particular 
attempt was made to preserve or to eliminate lipoproteins from either the 
dose or the samples; it was assumed that they underwent progressive 
denaturation in the handling of the samples in these isotope experiments.) 

In so far as ™'I-labelled proteins can be regarded as behaving biologically 
like unlabelled proteins, there is evidence that a large proportion of the 
albumin and at least some of the globulins in the liquor come from the 
maternal circulation and return to it. The exchange of the globulins may 
not be so rapid as that of the albumin (Bangham, 1960; Bangham et al. 
1960). 

Evidence from the occurrence of genetic variants of transferrins, We have 
studied by starch-gel electrophoresis the genetic variants of £-globulin 
(transferrin) in maternal and foetal serum and liquor of rhesus monkeys 
(Lai & Kirck, 1960). Although some of the variant transferrins occur in 
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both mother and foetus, there are some variants which occur exclusively 
in one or the other serum; the pattern of variants in the liquor always 
corresponds with that in the maternal serum (PI. 1, fig. 2e-A and PI. 2). 
This is additional evidence that at least some variants of transferrins are 
not transmitted from the foetus to the liquor, or vice versa. 

Contribution of proteins by the foetus. There are several ways in which a 
foetus could contribute proteins to the liquor, Bronchial secretions may 
pass through the nose, but it seems more likely that they are normally 
swallowed. Exudation of proteins into the lumen of the gut may occur, 
this is considered by some to be a major site of loss of proteins from cireu- 
lating plasma in the adult, and may also be of some importance in the 
foetus. However, there is as yet little evidence for the discharge of bowel 
contents (proteins) as a normal process by the foetus. It is possible that 
some slow loss or even exchange of proteins may also take place through 
the skin. The urine, however, is the one secretion which is acknowledged 
as & major source of some constituents of liquor fluid, and in some species 
(e.g. cattle; Pierce, 1959) is well known to contain high concentrations of 
protein. We have concentrated urine taken from the bladder of the foetus, 
and have been able to demonstrate albumin by starch-gel immuno-electro- 
phoresis in trace amounts, but the liquor protein itself was not found, 
Except for the liquor protein, which probably originates somewhere within 
the amniotic cavity, the evidence obtained so far indicates that little of 
the major serum proteins found in the liquor is derived from the foetus 
itself. 

The functions of the proteins in the liquor 

A single replacement of almost the total volume of liquor by Krebs- 
saline solution in a rhesus monkey at 4-5 months gestation did not 
apparently jeopardize the life of the foetus or the pregnancy itself. It is 
known that the foetus swallows liquor; this has been shown by observing 
the movement of radio-opaque material into the foetal gut; and we have 
found ™']-labelled proteins in the ileum of the foetus after injecting them 
into the liquor in vivo (Bangham, 1960), It is thus probable that, at the 
age when the proteolytic enzymes become available in the gut, the 
digestion of liquor proteins and the absorption of amino acids and peptides 
may contribute to the nutrition of the foetus. The significance which should 
be attached to the movement of albumin in and out of the liquor is difficult 
to assess. It may act as a carrier mechanism of small molecules. Some 
steroid hormones are known to be bound by albumin and may be carried 
via the liquor to the foetal gut and thereafter absorbed. Likewise, the 
albumin returning to the maternal circulation may also bind and/or carry 
with it anionic excretion products of small molecular size from the foetal 
urine. (It seems unlikely that a small anionic molecule will be retained on 
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the albumin molecule itself while passing through the complex surface- 
active layers during its way through the cell, but the mechanism of the 
transport of whole protein molecules across the placental barrier and/or 
the membranes is as yet unknown.) 

Little is known of the functions of the globulins in the liquor which 
seem to have a slower rate of exchange. It is possible that they may also 
act as carriers of small molecules (iron, thyroxine) to the foetal gut. The 
concentration of y-globulin in the liquor is low, but antibodies may well 
have appropriate beneficial uses; the liquor is a large volume of fluid 
which, compared with most other compartments of extracellular fluid, is 
relatively static, even though individual constituents may be shown to be 
in dynamic equilibrium through rapid exchange with maternal serum. 
Any conjecture about the liquor as a route of nutrition or provision of 
antibodies must be reconciled with the fact that this route is not vital to 
the well-being of the foetus, as babies born with oesophago-tracheal 
atresia are nutritionally and immunologically normal at birth (Wasz- 
Héckert, Wager, Hantala & Widholm, 1956). 

No specific biological function has yet been found for the major protein 
constituent, the liquor protein described in this paper. In view of its acidic 
nature it also may bind small-molecular excretion products. Its presence 
in the three species of monkey and its absence from human liquor suggests 


that there may be some difference in foetal (/ excretory) metabolism in 
these primates. 


SUMMARY 

1. Many of the major serum proteins were found to be present in the 
liquor of rhesus monkeys, although in absolute and relative concentrations 
different from those in serum. The predominant protein in mid pregnancy 
was shown to be a previously undescribed acidic protein of mol.wt. 35,000. 
This ‘liquor protein’ migrated between «,- and ,-globulin on paper and 
agar electrophoresis at pH 8-5, but between albumin and rhesus monkey 
serum pre-albumins on electrophoresis on starch gel at the same pH. 

2. This protein was found in the liquor of rhesus, vervet, and cyno- 
molgous monkeys. It has not been found in maternal or foetal monkey 
serum, or in human liquor of the last 34 weeks of gestation. 

3. Some of its biochemical and biophysical characteristics have been 
described, including its spontaneous break-down to two unstable sub- 
stances of smaller molecular weight and reversed electrophoretic mobility. 
Some of its biological properties have been investigated, but neither the 
site of origin, nor destruction, nor its biological function has been found. 

4. The origin, fate and function of the proteins found in the liquor in 
the second half of pregnancy in the rhesus have been discussed. The 
experimental evidence now available indicates that the main serum 


\ 

| 


PROTEINS OF THE LIQUOR AMNII 217 


proteins in the liquor are derived from and return to the maternal cir- 
culation ; with the exception of traces of albumin in foetal urine, the foetus 
contributes little of these proteins. The possible exception is the liquor 
protein described above. 


We are grateful to Dr P. A. Charlwood for performing analytical studies on the ultra- 
centrifuge and to Mr R. C. Holloway for help in the iodination of protein. It is a pleasure 
to thank Miss Sheila MacDonald and Mr I, Stanley for technical assistance. 
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EXPLANATION OF PLATES 


Prats | 
Fig. 1. Paper electrophoresis of foetal serum a, liquor amnii (concentrated) 6, and maternal 
serum c, from a rhesus monkey of about 4 months gestation; (barbitone buffer pH 8-6, 
1 = 0-05). The predominant protein in the liquor migrates in the region of the a-globulins. 


Fig. 2. a-d, Electrophoresis in agar of maternal and foetal serum and concentrated liquor 
amnii from rhesus monkey of about 3 months gestation (1% agar, borate buffer pH 8-6, 
1 = 0-05) stained with amido black. Anode to right. a, Maternal serum, the albumin has 
migrated as a round spot towards the right (anode); two transferrin bands are visible. 
6, Foetal serum (the protein just behind the origin is haemoglobin). c, Liquor amunii, 
(concentrated), the liquor protein has migrated more or less between a,- and a,-globulin. 
d, Maternal serum as a. 

e-h, Immuno-electrophoresis; samples and electrophoretic conditions identical with a, 
6, c and d, reacted with serum from rabbits immunized with whole rhesus-monkey serum in 
whole Freund's adjuvant. ¢, Maternal serum, showing two §-globulin (transferrin) pre- 
cipitation ares which are continuous. f, Foetal serum, showing one transferrin precipitation 
arc only. g, Liquor amnii, showing two transferrin precipitation arcs, as in maternal serum, 
but no precipitation round the position of the liquor protein. h, Maternal serum as in e. 


2 
Starch-gel electrophoresis of maternal and foetal serum and liquor amnii (glycine-sodium 
giyeinate buffer pH 8-6, / = 0-05) from four rhesus monkeys in the last third of pregnancy. 
Direct photographs of gels stained with amido black. 


Gel block A Gel block B 


Monkey no. 1 2 


Maternal serum 
Foetal serum € 
Liquor 


Monkey | shows single §-globulins (transferrins) in all three fluids; monkey 2 shows two 
transferrins in maternal serum and liquor and one in the foetal serum; monkey 3 shows 
similar double transferrins in all three fluids; monkey 4 shows double transferrins in all three 
fluids, but the mobility of that in the foetal serum is different from that in maternal serum 
and liquor. The liquor protein is seen as a ‘halo’ overlapping the albumin in the liquor of 
monkeys 1, 2 and 3. It has undergone a spontaneous break-down in the liquor from monkey 
4, and the more stable of the two main end products is seen as a band just behind the origin, /. 
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The fact that adrenaline can cause vasoconstriction or vasodilatation in 
skeletal muscle has been known since the work of Dale (1906) on ergo- 
toxine. Both these actions are due to a direct effect of adrenaline on the 
vessels, and do not depend upon an intact nerve supply (Elliott, 1905; 
Dale & Richards, 1927). Other substances which inhibit the constrictor 
response, such as chlorpromazine and phenoxybenzamine, also cause a 
reversal of the pressor action of the amine in animals (Nickerson, Henry & 
Nomaguchi, 1951; Huidobro, 1954; Green, Denison, Williams, Garvey & 
Tabor, 1954). In man chlorpromazine and phenoxybenzamine have been 
shown to reduce the constrictor effects of adrenaline and noradrenaline in 
the hand (Ginsburg & Duff, 1956, 1958; Duff & Ginsburg, 1957). The 
present investigation is a quantitative study of the effect of phenoxy- 
benzamine (Dibenyline) on the response to adrenaline, noradrenaline and 
isopropylnoradrenaline in the human forearm. Results have previously 
been reported in brief (Allwood & Ginsburg, 1959). Our results with 
adrenaline confirm those obtained in a similar study by de la Lande & 
Whelan (1959). 

METHODS 

Thirty-four experiments were performed on twenty-eight healthy medical students of both 
sexes between the ages of 19 and 26 years. They lay on a comfortable couch, wearing normal 
indoor attire, in a room maintained at 21+ 1° C. Blood flow was measured simultaneously 
in both forearms at intervals of 0-5 min by venous occlusion plethyamography (Barcroft & 
Swan, 1953). A continuous infusion of 0-9° NaCl solution was maintained through an 
indwelling needle inserted into the brachial artery of the test forearm; phenoxybenzamine 
and the amine under study (adrenaline tartrate, British Drug Houses; v-noradrenaline 
bitartrate, Bayer and Co. ; isopropy|noradrenaline HCl, Winthrop) were given intra-arterially 
through this needle. In some experiments a similar infusion was maintained through a 
needle inserted into an antecubitel vein of the opposite arm, so that the amine could be given 
intravenously. Ascorbic acid (0-1 mg) was added to each pint (0-57 1.) of saline to protect 
solutions of amines from oxidation (Gaddum, Peart & Vogt, 1949). 

After initial recordings of resting blood flow, a control infusion of the amines under study 
was given intra-arterially or intravenously for a period of 10 min, except with intra- 
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arterial noradrenaline which was infused for 5 min. After the blood flow had returned to the 
resting value phenoxybenzamine hydrochloride (Dibenyline; Smith, Kline and French) was 
given intra-arterially into the test forearm in a total dose of 3 mg at the rate of 500 yg/min 
for 6 min. This caused a moderate increase in flow in the treated limb, with no change on 
the opposite (control) side. After a further control period the intra-arterial or intravenous 
infusion of the particular amine was then repeated, and blood flow compared with that 
recorded during the infusion before giving phenoxybenzamine. 

Blood flow is expressed in ml. blood/100 ml. tissue/min. In experiments where the amine 
was given intravenously the blood flow in the test limb has been directly compared with that 
in the control limb. When the amine was given intra-arterially changes in blood flow have 
been compared in the same (test) limb before and after receiving phenoxybenzamine, after 
allowing for phasic ‘spontaneous’ variations in flow as measured in the contralateral limb 
(Duff, 1952; Ginsburg & Duff, 1956). 


RESULTS 

The responses of the forearm blood vessels to intra-arterial and intra- 
venous infusions of sympathomimetic amines, both before and after 
phenoxybenzamine, are compared in Table 1. 


Tape |. Effect of sympathomimetic amines on mean forearm blood 
flow (ml./100 ml./min) before and after phenoxybenzamine 


Intra-arterial infusion 


Before After 
phenoxybenzamine phenoxybenzamine 


Pre- During Difference During Difference 


infusion infusion (%)* infusion infusion (%)* 
Adrenaline (2 yg/min) 3-2 1-3 — 54 8-1 21-4 +17 
Noradrenaline (2 ug/min) 3-5 O-7 77 6-3 4-8 — 15 
J sopropylnoradrenaline 31 11-4 + 260 51 13-0 +194 
(0-1 »g/min) 
Intravenous infusion, after ph yb 
Control forearm Test forearm 


AW 


Pre- During Difference Pre- During Difference 


infusion infusion (%)* infusion infusion (%)* 
Adrenaline (10 yug/min) 2-7 4-0 + 5l 5-3 14-1 +226 
Noradrenaline (10 yg/min) 3-7 2-7 — 23 6-7 7- + 12 
Isopropy|noradrenaline 3-6 55 + 66 55 12-4 +175 


(4 
* These are mean differences and not the difference between means. In calculating these 
values for intra-arterie! infusions allowance was made for ‘spontaneous’ flow variations 
measured in the control limb (Duff, 1952; Ginsburg & Duff, 1956). 


Effect of phenoxrybenzamine on intra-arterial adrenaline 


This was studied in six subjects; the results are summarized in Fig. 1 (a). 
In the first minute of an intra-arterial infusion of 2 «g/min adrenaline 
there was an initial transient vasodilatation, followed immediately by a 
vasoconstriction which lasted until the end of the 10 min infusion period. 
An ‘after-dilatation’ was then observed, reaching its maximum about 
2 min after the end of infusion. 
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Intra-arterial phenoxybenzamine (500 »g/min for 6 min) caused a 
moderate increase in forearm blood flow, so that thereafter resting values 
in the test limb were about double those before giving phenoxybenzamine. 
Infusion of intra-arterial adrenaline in the same dosage as before now 
caused a more marked initial dilatation, with blood flow subsequently 


é 
a 


Time (min) 


Fig. 1. Forearm blood flow during adrenaline infusions before and after phenoxy- 
benzamine. (a) averaged results from six subjects given intra-arterial adrenaline 
(2 pg/min). (6) averaged results from six subjects given intravenous adrenaline 
(10 pg/min). Between the two parts of the experiments the subjects received intra- 
arterial phenoxyb ine (3 mg during 6 min). 


remaining at this high level throughout, or increasing further. There was 
no ‘after-dilatation’ following the end of this infusion, forearm flow re- 
maining elevated for several minutes before returning slowly towards the 
resting level. Blood flow in the contralateral (control) forearm remained 
relatively constant throughout. 

Forearm blood flow in the test limb decreased from an average of 
3-2 ml./100 ml./min (resting) to 1-3 ml. during the control infusion; after 
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phenoxybenzamine it increased during administration of adrenaline from 
8-1 (resting) to 21-4 ml. Mean changes from the ‘expected’ flow during 
adrenaline infusion in the treated limb were — 54°%, before and + 173%, after 
giving phenoxybenzamine, a difference which is significant (¢ = 4°32, 
P < 0-01). 

Intravenous adrenaline. This was studied in six subjects (Fig. 1(0)). 
Changes in the two forearms during the control infusion of 10 yg adrena- 
line/min for 10 min were similar, and consisted of a transient initial vaso- 
dilatation, followed by a decrease in flow and a smaller sustained vasodila- 
tation during the remainder of the infusion. 

After phenoxybenzamine the resting flow was about doubled in the test forearm, although 
unchanged in the control. During the subsequent intravenous infusion of adrenaline the 
blood flow in the test limb was markedly elevated compared with that in the control in- 
fusion, although maintaining a similar pattern of transient and sustained phases. Changes 
in the contralateral limb were similar to those during the control infusion. 

Mean resting blood flow in the control and test forearms before giving phenoxybenzamine 
was 2-5 and 2-6 ml., increasing to 4-9 and 3-9 ml. respectively during the sustained dilatation. 
After giving phenoxybenzamine the mean resting blood flow in the control and test forearms 
was 2-7 and 5-3 ml., increasing respectively during adrenaline infusion to 4-0 and 14-1 ml. 
Before giving phenoxybenzamine there was no significant difference between the increase in 
flow on the control and test sides during intravenous adrenaline infusion. 


After administration of phenoxybenzamine the increase during adrena- 
line infusion was unchanged on the control side, but on the treated side 
the increase of 226°, was significantly greater than the 51 °, increase at 
the corresponding time in the contralateral (control) limb (¢ = 2-83, 
P < 0-02). 


Effect of phenoxybenzamine on intra-arterial noradrenaline 


The results obtained on five subjects are summarized in Fig. 2 (a). 
Resting blood flow in the test limb was 3-5 ml./100 ml./min, decreasing to 
0-7 ml. during the infusion of noradrenaline 2 »g/min for 5 min. After 
phenoxybenzamine resting flow increased to 6-3 ml., decreasing to 4-8 ml. 
during subsequent noradrenaline infusion. Average blood flow in the contra- 
lateral (control) limb remained between 3-3 and 3-8 ml. throughout. The 
mean change from the ‘expected’ flow in the test forearm during nor- 
adrenaline infusion was a decrease of 77 °,, before and of 15 %, after giving 
phenoxybenzamine, a difference which is significant (¢ = 3-94, P < 0-01). 

Intravenous noradrenaline. This was studied in six subjects (Fig. 2(6)). 
Resting blood flow averaged 4-0 ml./100 ml./min in both the control and 
test forearms, decreasing to 3-0 and 3-6 ml. respectively during intra- 
venous infusion of noradrenaline 10 ug/min for 10 min. After phenoxy- 
benzamine the resting flow in the test limb increased to 6-7 ml. During the 
subsequent noradrenaline infusion the blood flow on the test side showed 
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a further slight increase to 7-3 ml., while that in the control forearm de- 
creased from 3-7 to 2-7 ml. Before phenoxybenzamine the changes in 
blood flow during noradrenaline infusion were similar in the two forearms. 
After phenoxybenzamine the average change in flow in the test arm was an 
increase of 12°, compared with a 23%, decrease in the control forearm. 


= 
8 
= 
3 
a 
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Time (min) 


Fig. 2. Forearm blood flow during noradrenaline infusions before and after phenoxy- 

benzamine. (a) averaged results from five subjects given intra-arterial noradrenaline 

(2 wg/min). (6) averaged results from six subjects given intravenous noradrenaline 

(10 ug/min). Between the two parts of the experiments the subjects received intra- 

arterial phenoxybenzamine (3 mg during 6 min). Note different time scales of (a) 

and (6). 
This difference is not statistically significant (¢ = 2-02, 0-1 > P > 0-05). 
Changes in blood flow in the control forearm during noradrenaline 
infusion before and after phenoxybenzamine were similar, namely de- 
creases of 21 and 23 °%, respectively. 


Effect of phenoxybenzamine on intra-arterial isopropylnoradrenaline 
The results obtained on five subjects are summarized in Fig. 3(a). 
Resting blood flow in the test forearm averaged 3-1 ml./100 ml./min, in- 
creasing to 11-4 ml. during intra-arterial infusion of isopropylnoradrenaline 
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0-1 »g/min. After intra-arterial phenoxybenzamine the resting blood flow 
on the treated side was 5-1 ml., increasing to 13-0 ml. during the sub- 
sequent infusion of isopropylnoradrenaline. Blood flow in the contra- 
lateral (control) forearm was between 2-4 and 3-3 ml. throughout. The in- 
crease in blood flow in the test forearm above the expected flow during 
isopropylnoradrenaline infusion was 260°, before and 194 %, after giving 
phenoxybenzamine, a difference which is not significant (¢ = 1-07, 
P > 01). 


2 


Time (min) 


Fig. 3. Forearm blood flow during isopropylnoradrenaline infusions before and 
after phenoxybenzamine. (a) averaged results from five subjects given intra-arterial 
isopropylnoradrenaline (0-1 ~g/min). (6) averaged results from six subjeéts given 
intravenous isopropylnoradrenaline (4 ~g/min). Between the two parts of the ex- 
periments the subjects received intra-arterial phenoxybenzamine (3 mg during 
6 min). 


Intravenous isopropylnoradrenaline. This was studied in six subjects 
(Fig. 3(6)). Average resting blood flow in both forearms before Dibenyline 
was 2-7 ml./100 ml./min, increasing during intravenous infusion of iso- 
propylnoradrenaline 4 »g/min to 4-9 and 5-7 ml. on the control and test 
sides respectively. After intra-arterial phenoxybenzamine the resting 
blood flow was 3-6 ml. in the control forearm, but increased to 5-5 ml. on 
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the test side. When the infusion of isopropylnoradrenaline was subse- 
quently repeated, blood flow in the control forearm increased to 5-5 ml., 
that in the test forearm to 12-4 ml. During isopropylnoradrenaline in- 
fusion before phenoxybenzamine there was no significant difference 
between the increase in blood flow in the two forearms. After phenoxy- 
benzamine the average increase in forearm blood flow on the treated side 
during isopropylnoradrenaline infusion was 175%, compared with a 66% 
increase on the control side, a difference which is significant (t = 2-74, 
P < 0-05). In the control limb there was no significant difference between 
the increase in blood flow during isopropylnoradrenaline infusion before 
and after phenoxybenzamine. 


DISCUSSION 


Intra-arterial infusion of phenoxybenzamine to a total dosage of 3 mg 
increased blood flow in the test forearm by an average of 90%, while 
having no demonstrable effect on the blood flow in the opposite forearm. 
This vasodilatation is of the same order as that produced by blocking the 
deep nerves to the forearm (Barcroft, Bonnar, Edholm & Effron, 1943). 
The increase in forearm blood flow could therefore have been due to the 
blocking action of phenoxybenzamine on sympathetic excitatory activity. 
Other mechanisms may be involved, however, for Duff (1956) has shown 
phenoxybenzamine to have a direct vasodilator action, for it increased 
blood flow in recently sympathectomized limbs. An initial vasoconstrictor 
response to intra-arterial phenoxybenzamine did not occur in the present 
experiments, although this has been described in animals (Green ef al. 
1954). 

While in animals very large doses of phenoxybenzamine have been shown 
to block vasodilator as well as vasoconstrictor responses (Nickerson et al. 
1951; Green et al. 1954), in man in the dosage used here vasoconstriction 
alone is blocked. This allows us to separate vasoconstrictor and vasodilator 
components of the response to infused amines. Thus the response of the 
vessels of the forearm to infused adrenaline can be shown to have both 
dilator and constrictor components, since the vasoconstriction caused by 
intra-arterial infusion of adrenaline may be completely reversed. This is in 
agreement with the results of de la Lande & Whelan (1959). 

The response in the forearm to intra-arterial noradrenaline is, however, 
purely vasoconstrictor, since phenoxybenzamine reduced this effect with- 
out reversing it. Nor was there a reversal of action with intravenous nor- 
adrenaline, for the slight increase in average blood flow during noradrena- 
line infusion after phenoxybenzamine (Fig. 2(b)) was not significantly 
different from the mean change in flow during infusion of noradrenaline 


before phenoxybenzamine. 
15-2 
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Jsopropy|noradrenaline has been shown to cause a marked dilatation in 
skeletal muscle in man, whether given intravenously or intra-arterially 
(Barcroft & Konzett, 1949; Cobbold, Ginsburg & Paton, 1960). With intra- 
arterial isopropylnoradrenaline the vasodilatation in the forearm was much 
the same before and after phenozybenzamine, indicating that there was 
no blockade of any direct vasoconstrictor component. There was, how- 
ever, an increased vasodilator response with intravenous isopropylnor- 
adrenaline after phenoxybenzamine, indicating the inhibition of some con- 
strictor effect on forearm vessels. Whether this is similar to the reflex 
vasoconstriction in muscles seen on intravenous isopropylnoradrenaline 
infusion in cats, and initiated by the fall in systemic blood pressure 
(Bowman, 1959), or whether some other mechanism is involved, is not 
known. While a reflex vasoconstriction initiated by a fall in blood pressure 
would explain the decrease in forearm flow during intravenous infusion, 
it is unlikely to account for the fall in flow from the initial peak level during 
intra-arterial infusion. 

It has been suggested that the sustained phase of the vasodilatation 
during intravenous adrenaline infusion is due to the action on the muscle 
vessels of some humoral substance which might be released by adrenaline 
(Barcroft & Swan, 1953). One substance which has been suggested is 
lactic acid, since an increase in blood lactate occurs following adrenaline 
administration (Cori & Buckwald, 1930). Evidence suggesting that lactic 
acid is responsible for adrenaline vasodilatation in the cat has been pre- 
sented by Lundholm (1956). In man the venous lactate rises during intra- 
venous infusion of adrenaline (Bell & Stead, 1952; Barcroft & Cobbold, 
1956), and also during intra-arterial infusion (Allwood & Cobbold, 1961). 
There is no conclusive evidence, however, that it is lactic acid which is, in 
fact, responsible for the sustained vasodilatation in man. The present 
results indicate further that it may not be necessary to postulate formation 
or release of another dilator substance to explain this sustained increase in 
flow, for a dilator response in muscle to both intra-arterial and intra- 
venous infusion of adrenaline is revealed when constrictor effects have been 
abolished by phenoxybenzamine. 

An ‘after-dilatation’ was a prominent feature soon after the cessation of 
the control infusion of intra-arterial adrenaline. In the presence of pheno- 
xybenzamine the ‘after-dilatation’ following intra-arterial adrenaline did 
not occur. This was also noted by de la Lande & Whelan (1959). It may, 
as suggested by these authors, be accounted for by a more rapid wearing 
off of the constrictor component of adrenaline action before the dilator 
effect has ceased. Although in the dosage used here intra-arterial nor- 
adrenaline and intra-arterial adrenaline both caused a comparable decrease 
in forearm blood flow, there was no after-dilatation following noradrenaline 


| 
4 
| 
| 
| 
| 
1 
| 


SYMPATHOMIMETIC AMINES, PHENOXYBENZAMINE 227 


infusion. This suggests that the phenomenon is not simply a ‘rebound’ on 
cessation of vasoconstriction, nor is it a reactive-hyperaemic response to @ 
period of relative ischaemia. Moreover, there was no after-dilatation in the 
hand following intra-brachial infusion of the closely similar dose of 1-5 yg 
adrenaline/min (Swan, 1951). Although we do not yet know the cause of 
the after-dilatation this evidence suggests that it is specifically related to 
the action of adrenaline on skeletal muscle. 


SUMMARY 


1. The effect of intra-arterial phenoxybenzamine on the change in fore- 
arm blood flow during the infusion of sympathomimetic amines has been 
determined in healthy students by venous occlusion plethysmography. 

2. Phenoxybenzamine reversed the normal constrictor response in the 
forearm to intra-arterial infusion of adrenaline (2 ~g/min). The dilator 
response to the intravenous infusion of adrenaline (10 g/min) was also 
significantly increased. 

3. Phenoxybenzamine significantly reduced the vasoconstriction pro- 
duced by intra-arterial infusion of noradrenaline (2 wg/min), but did not 
uncover a vasodilatation; the constrictor response to intravenous nor- 
adrenaline (10 »g/min) was abolished. 

4. Vasodilatation during the intra-arterial infusion of isopropylnor- 
adrenaline (0-1 g/min) was not significantly altered; with intravenous 
isopropylnoradrenaline (4 ».g/min) the vasodilator response was increased. 

5. The results suggest that it is not necessary to postulate release of 
another vasodilator to explain the sustained vasodilatation in the forearm 


during intravenous infusion of adrenaline. 


We are indebted to Professor H. Barcroft, F.R.S., for helpful discussion and advice, to 
Messrs Smith, Kline & French for supplies of phenoxybenzamine, to Messrs Bayer for 
noradrenaline and to Messrs Winthrop for isopropylnoradrenaline. Certain expenses were 
defrayed by a grant from the Endowment Fund of St Thomas's Hospital. 
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The application of micro-electrode techniques to the solution of funda- 
mental problems concerning the electroretinogram (e.r.g.) has met with 
several problems; one of these is the difficulty of relating e.r.g. components, 
as recorded by conventional methods, with the potentials recorded by an 
intraretinal lead. An intraretinal electrode detects slow potentials which 
are generated from the retinal area near the electrode ; these local potentials 
show certain similarities to components of the conventionally recorded 
e.r.g., but there are also distinct differences. For example, the con- 
ventionally recorded b-wave has a longer latency, smoother peak, and 
opposite polarity by comparison with the local intraretinal response which 
looks most like its counterpart. These phenomena were first reported in 
the frog by Tomita (1950) and were first interpreted as indicating that the 
local intraretinal responses are generated in fundamentally different ways 
from the conventionally recorded potentials (Tomita, Mizuno & Ida, 1952; 
Brindley, 1956c). 

An alternative view was then developed that in the cat the conventional 
and local intraretinal responses are fundamentally identical and that 
detailed differences are due to electrical recording conditions. This work 
was reported in preliminary form (Brown & Wiesel, 1957), and a similar 
view has now been expressed for the frog retina (Tomita, Murakami & 
Hashimoto, 1960). According to this view it is only necessary to find the 
origins of the local responses to discover where corresponding components 
of the e.r.g. are generated ; this view is therefore the basis of our methods 
of localizing e.r.g. components, a preliminary report of which has also been 
given (Brown & Wiesel, 1958). In the present paper our detailed analytical 
results will be described. Problems studied include the following: (1) 
division of the e.r.g. of the dark-adapted cat retina into its four major 
components, (2) identification of each component with its counterpart in 
the local response detected by an intraretinal lead and (3) resolution of 
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detailed differences between the conventional and local intraretinal re- 
sponses in terms of electrical recording conditions. Detailed findings con- 
cerning origins of these components will be presented in the following 
paper (Brown & Wiesel, 1961). 


METHODS 


About 75 cats were used over a three-year period, and general methods were those 
described by Brown & Wiesel (1959). Animals were anaesthetized with pentobarbital and 
dial-urethane, and muscular relaxation was obtained by continuous intravenous infusion of 
succinylcholine. Unilateral pneumothorax was performed and the animal was artificially 
ventilated with room air. Kectal temperature was held between 37 and 39° C. Atropine 
was used to dilate the pupil and relax accommodation; it also abolished the pupillary re- 
sponse to light, which can produce an electrical potential similar to the c-wave. 

Micropipette electrodes were inserted into the fundus through a steel tube; the electrode 
was then aimed manually by means of a ball joint, and electrode depth was remotely con- 
trolled by a hydraulic device. The indifferent electrode was usually a Ag-AgCl wire on the 
back of the head. In certain experiments a second steel needle was inserted into the fundus 
to permit placing an indifferent electrode in the vitreous humour; in such cases the in- 
different electrode was a 15 ,« silver wire, insulated by glass except for the tip. 

Micropipette electrodes were used for all intraretinal recording and for most recordings in 
the vitreous humour. In specified cases large saline-filled glass pipettes were used in the 
vitreous humour, and cotton wick electrodes were used for corneal recording. Micropipette 
electrodes were filled with 3m-KCl solution. Tip diameters were less than 0:5 », and d.c. 
resistances were 10-30 MQ. The active electrode was led to a pre-amplifier of the type 
designed by MacNichol & Wagner (1954), and amplification was exclusively d.c. Signals 
were displayed on a two-beam oscilloscope, with one beam for the stimulus and one for the 
response. 

Light stimuli were provided by a two-beam version of the multibeam ophthalmoscope, 
as previously described in detail (Barlow, Fitzhugh & Kuffler, 1957). A tungsten bulb was 
used in the background adapting beam, and a glow modulator tube was used for the stimulus 
beam. Normally the maximum retinal illumination from the stimulus beam was 71 lm/m*. 
In certain cases a higher stimulus intensity was desirable, and a retinal illumination of 
710 lm/m* could be obtained by removing the neutral density wedges and the mirror which 
normally combined the stimulus and background beams. When even higher stimulus 
intensities were necessary, the stimulus light was mounted directly over the eye. The glow 
modulator tube was controlled by an electronic device so that square light pulses of variable 
duration and repetition frequency could be obtained. A viewing beam in the ophthalmo- 
scope provided direct visual control of the electrode and light stimulus. 

Electrode depth measurements from the retinal surface were used only as rough indicators 
of electrode position. Physiological methods for locating the electrode tip within the retina 
have been described previously (Brown & Wiesel, 1959) and were used in this work. These 
methods permit identification during each penetration of the retinal surface, outer margin 
of the inner nuclear layer, and Bruch's membrane. Other structures identifiable during 
certain penetrations include the external limiting membrane and cell somata within the 
ganglionic and inner nuclear layers. By comparison with electrode staining procedures the 
physiological methods are at least as accurate and have the advantage of giving immediate 
information (Brown & Tasaki, 1961). 
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RESULTS 
Corneal versus vitreous-humour ¢.r.q. 


The well known components of the e.r.g., namely the a-, b-, and ¢-waves, 
have been identified and named primarily in recordings with an active 
electrode on the cornea and an indifferent electrode on the back of the head 
or at some apparently equivalent location. Thus the recording condition 
of an active electrode on the cornea was taken as the starting point in this 
study, since nomenclature of e.r.g. components under that condition is well 
accepted. 

Figure | shows e.r.g.s under identical stimulus conditions, but in A the 
active electrode was on the cornea while in B it was in the vitreous humour. 


sec 


Fig. 1. Comparison of e.r.g.8 recorded from cornea and vitreous humour. Record A 
obtained from cornea by a Ag-AgC! wire in contact with a saline-soaked cotton wick 
around the contact lens. This record was made before inserting the steel needle 
into the eye. Record B was then made by a saline-filled 50 » glass pipette with the 
tip in the vitreous humour close to the retinal surface. Indifferent electrode on 
back of head. Stimulus was a glow tube operated at 35 mA and mounted directly 
over eye. Eye dark-adapted and stimulus repeated at 3 min intervals. All re- 
cordings made with d.c. amplification; positive potentials are displayed upward 
in accordance with the convention for e.r.g. work. 


The corneal recording shows the familiar negative a-wave, followed by a 
positive b-wave, followed still later by a slow positive c-wave. The record 
from the vitreous humour is similar in shape to that from the cornea. Thus 
the a-, b-, and c-waves are readily identified when the electrode is in the 
vitreous humour, which may now be taken as the reference location for 
identifying e.r.g. components. Potentials in the vitreous humour were 
about twice as large as those from the cornea, however, so the vitreous 
humour is a more favourable recording position. 
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Vitreous humour versus intraretinal responses 

Figure 2 provides orientation for a component analysis of the cat e.r.g. 
and for identifying potentials in the vitreous humour with those recorded 
by intraretinal leads. This figure shows responses in the vitreous humour 
and at two locations within the retina; these two locations were chosen to 
illustrate the most striking differences between intraretinal and vitreous 
humour recordings. All records were at the same amplification to show 
correct relative amplitudes. Record A, from the vitreous humour, shows 
several differences from the record at this location in Fig. 1. These dif- 
ferences are due primarily to the lower stimulus intensity and partly to the 
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Fig. 2. Representative e.r.g.s at three electrode depths. Record A made with the 
active electrode in the vitreous humour, B from close to the retinal surface of 
Bruch's membrane, and C from the choroid close to the choroidal surface of Bruch’s 
membrane. Penetration made in the area centralis. Indifferent electrode on back of 
head. Stirnulus spot was 1-5 mm in diameter at the retina, with a retinal illumination 
of 710 lm/m*, and centred on the electrode. Eye dark-adapted and stimulus re- 
peated every 3 min. 


lower amplification in Fig. 2. In Fig. 2 the vitreous humour response 
shows no a-wave, the c-wave is quite weak, and the b-wave is also de- 
creased. When the stimulus ceases, however, there is a distinct negative 
deflexion not seen in Fig. 1. It will be shown that this deflexion is due to 
termination of a d.c. component of the e.r.g. which is positive in polarity 
in the vitreous humour; this component appears more clearly with lowered 
stimulus intensity. Thus the cat e.r.g. consists of four major components. 
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In addition to the well known a-, b-, and e-waves, there is a positive d.c. 
potential in the vitreous humour. 

Record B was obtained close to the retinal surface of Bruch’s membrane. 
This location is especially favourable for recording large intraretinal 
responses which are free from movement artifacts. The response at this 
level consists of an initial positive deflexion, followed by a negative 
deflexion, and then a very slow positive potential. At the end of the 
stimulus there is a positive deflexion; it will be shown that this is due to 
termination of the d.c. component which is negative at this retinal level. 
Thus potentials in this record appear to be a positive a-wave, negative 
b-wave, positive c-wave, and negative d.c. component. Hence all major 
components seem to be reversed in polarity, with respect to a vitreous- 
humour lead, except the c-wave. Also all components are much larger than 
in the vitreous humour. 

When Bruch’s membrane was penetrated the entire response was greatly 
diminished in magnitude, as is shown in record C. A retinal membrane 
having high electrical resistance was first described in the frog by Brindley 
(19564); and it has now been identified as Bruch’s membrane in both cat 
(Brown & Wiesel, 1958, 1959; Brown & Tasaki, 1961) and frog (Tomita et 
al. 1960; Brindley, 1960). The high electrical resistance of Bruch’s mem- 
brane is undoubtedly responsible for the large drop in magnitude of the 
response across that membrane. In Fig. 2 the polarity of the c-wave also 
became inverted when Bruch’s membrane was penetrated, but this did not 
occur in all penetrations. 

The effect of systematically reducing stimulus intensity was studied 
with the active electrode either in the vitreous humour or close to the 
retinal side of Bruch’s membrane. Since the e.r.g. components dropped 
out in a definite order as stimulus intensity was reduced, this provided a 
method for identifying a given component in the conventional record with 
its counterpart in the intraretinal record. This technique also isolated the 
d.c. component. 

The effects of reducing stimulus intensity while recording in the vitreous 
humour are shown in Fig. 3. At maximum intensity there were typical a-, 
b-, and c-waves. Stimulus intensity was then reduced just enough to 
eliminate the a-wave; in the second record there is still a strong b-wave, 
and a weak c-wave may be seen in terms of the slow rise of potential during 
the stimulus. An initially rapid downward deflexion also appears in this 
record when the stimulus is turned off, indicating termination of the 
positive d.c. component. Stimulus intensity was then reduced sufficiently 
to eliminate the c-wave, so the third record shows only the b-wave and 
termination of the d.c. component. In the fourth record the stimulus 
intensity was further reduced to eliminate the b-wave, and only the d.c. 
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component remained. Thus Fig. 3 illustrates the sequence in which e.r.g. 
components drop out from a recording in the vitreous humour as stimulus 
intensity is reduced. The a-wave drops out first, followed by the c-wave 
and then the b-wave, leaving only the clearly isolated positive d.c. com- 
ponent. This potential is called a ‘c.c. component’ because it is steadily 
maintained during the stimulus. There is a relatively rapid rise to the 
steadily maintained level, and when the stimulus is turned off the potential 
declines rapidly at first, followed by a slow asymptotic approach to the 
base line. 

Figure 4 shows results of a similar experiment with the electrode near 
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Fig. 3 Fig. 4 
Fig. 3. Effect of stimulus intensity with electrode in vitreous humour. Electrode 
was saline-filled 50 » glass pipette, located close to the retina. Indifferent electrode 
on back of head. Stimulus was a 3mm retinal spot, centred on the electrode. 
Logarithm of stimulus intensities (lm/m*) at left (1-85 = 71lm/m*). Eye dark- 
adapted and stimulus repeated every 3 min. 


Fig. 4. Effect of stimulus intensity with active electrode close to the retinal surface of 
Bruch'’s membrane. Indifferent electrode on back of head. Stimulus spot was 0-5mm 
in diameter and centred on the electrode; eye dark-adapted and stimulus repeated 
at 3 min intervals. Logarithims of stimulus intensities (lm/m*) at left of figure. 
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the retinal side of Bruch’s membrane. In this case the initial positive 
deflexion dropped out first, followed by the slow positive potential. The 
relatively fast negative potential dropped out next, leaving only a negative 
d.c. component. Once the d.c. component had been isolated in this manner 
at either recording site, further reduction of stimulus intensity produced 
no further change in shape of the response; the d.c. potential merely 
became smaller and finally disappeared. This indicates that the d.c. com- 
ponent is a distinct but unitary component of the e.r.g. Further evidence 
on this point will be presented later in the present paper. 

Comparison of Figs. 3 and 4 provides evidence for relating potentials in 
the vitreous humour to those recorded near the retinal surface of Bruch’s 
membrane. At both recording sites reduction of stimulus intensity elimi- 
nated first the initial fast deflexion, followed by the slow positive potential. 
Then the secondary rapid deflexion dropped out, leaving only the d.c. 
potential. Thus for intraretinal recordings close to the retinal side of 
Bruch’s membrane, the following terminology seems justified; the initial 
rapid positive deflexion will be called the a-wave, the secondary fast 
negative deflexion the b-wave, and the slow positive potential the c-wave. 
The negative d.c. potential within the retina may be identified with the 
positive one in the vitreous humour, since the d.c. potentials at both sites 
are similarly isolated by reducing stimulus intensity. 

There are detailed differences, however, between potentials recorded in 
the vitreous humour and their apparent intraretinal counterparts. Since 
these differences are clearest in the case of the b-wave, it will be used as a 
model for treating the problem. By comparison with the b-wave in the 
vitreous humour, the intraretinal b-wave has a shorter latency, sharper 
peak, and opposite polarity (see Figs. 2,9 and 10). Lf the same fundamental 
potentials are being recorded at both electrode locations, these differences 
must be explained on the basis of different electrical recording conditions, 
Thus recording conditions were studied in both the vitreous humour and 
retina. 


Electrical recording conditions in vitreous humour and retina 


With the active electrode in the vitreous humour, the same size response 
was recorded to a focused spot of light directed to any part of the tapetum 
lucidum. Figure 5 shows that even widely spaced stimulus positions gave 
rise to e.r.g.s identical in shape and amplitude. Times to the initial rise and 
peak of the b-wave were also identical in the responses illustrated. With a 
fixed stimulus location the response was likewise unchanged when the 
electrode was withdrawn from a position just over the retina until it was 
almost back into the steel tube. These results show that the vitreous 
humour of the intact cat eye is an isopotential medium, and therefore has 
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negligible electrical resistance. Thus an electrode in the vitreous humour 
can record equally well the electrical effects of light stimuli generated at all 
retinal points, independent of distance of the points from the electrode. 
This means that the e.r.g. recorded in the vitreous humour is theoretically 
a summed response from the entire retinal area. Brindley (19566) has 
shown that the frog e.r.g. recorded in this way is a simple sum of the 
responses from the sub-areas stimulated. He found no evidence for inter- 
action between sub-areas. Thus amplitude of the e.r.g. in the vitreous 
humour appears to be a linear function of the retinal area stimulated, 
assuming uniform stimulus intensity. 


0-8 sec 


0-8 sec 


05 mV 
A A 
B 
B 
Fig. 5 Fig. 6 

Fig. 5. Effect of moving stimulus spot with micropipette electrode in the vitreous 
humour just over the area centralis. Indifferent electrode on back of head. 
Stimulus was a 1-0 mm spot, with a retinal illumination of 710 lm/m*. Eye dark- 
adapted and stimulus repeated at 3 min intervals. In A the stimulus spot was 
centred on the electrode, while in B the stimulus spot was moved to the extreme 
nasal periphery. 
Fig. 6. Effect of locating stimulus spot on or off the optic disk. Micropipette 
electrode in the vitreous humour just over the area centralis, and indifferent 
electrode on back of head. Stimulus spot 0-75 mm in diameter, with retinal illum’ - 
nation of 710 lm/m*. Eye dark-adapted and stimulus repeated every 3 min. In A 


the carefully focused spot was entirely within the optic disk, which had a diameter 
of about 1-0 mm, and in B this spot was placed just beside the optic disk. 


Effective stimulus intensity decreases symmetrically in all directions 
from a focused light spot, however, in accordance with principles of stray 
light. In such a complex stimulus the contribution of a given intensity to 
the recorded response will be determined by the size of the response pro- 
duced by that intensity from unit retinal area, and also by the retinal area 
over which the response to that intensity is summed. As distance from 
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the stimulus spot increases, the response from unit retinal area decreases 
but the summation area of the response increases. Thus the relative contri- 
butions of stray and focused light to the recorded response must be deter- 
mined by whether the greater summation area for stray light is more 
effective than the higher stimulus intensity in the focused stimulus spot. 

Figure 6 answers this question by showing two responses obtained from 
a 0-75 mm stimulus spot. In one case the focused spot was centred within 
the optic disk, which had a diameter of about 1-0 mm, and the other 
response was obtained with this spot just beside the optic disk. The re- 
corded responses were identical in shape and amplitude, and times to the 
initial rise and peak of the b-wave were also identical for the two stimulus 
positions. Thus when the stimulus spot was beside the optic disk, directly 
stimulating a given area of the retina, the e.r.g. showed no contribution 
from this focused portion of the stimulus. This means that with small 
stimuli the e.r.g. recorded in the vitreous humour is due entirely to the 
stimulating effects of stray light. Although the focused light is intense, 
the response to it is summed over such a small area that the response is 
apparently not large enough to be detected by an electrode in the vitreous 
humour. The stray light is less intense, but apparently the large area 
stimulated more than compensates for this and results in a readily recorded 
response. Evidence will be presented later in this paper that this principle 
holds for stimulus spots up to at least 3-0 mm in diameter (the largest in 
this work). This finding that with small focused stimuli the conventionally 
recorded e.r.g. of the cat reflects only the stimulating effects of stray light 
agrees with results for the rabbit (Fry & Bartley, 1935), frog (Brindley, 
1956 5), and human eye (Asher, 1951; Boynton & Riggs, 1951; Boynton, 
1953). 

When the active electrode was in the retina, recording conditions were 
quite different. Figure 7 shows the effect of moving a 0-25 mm stimulus 
spot away from the electrode, when the electrode tip was near the retinal 
side of Bruch’s membrane. In the top record, obtained with the stimulus 
centred on the electrode, all components may be seen. When the stimulus 
was moved 2°, which was about 0-5 mm on the retina, the a-wave dropped 
out. At 10° the c-wave was essentially gone, and at 27° the b-wave had 
disappeared, leaving only the negative d.c. component. If the electrode 
in this location had recorded responses equally well from all parts of the 
retina, the record should not have changed while moving the stimulus. 
Moving the stimulus away from the electrode reduced the amount of light 
falling in the vicinity of the electrode, however, in accordance with the 
principles of stray light. Hence if the electrode recorded only the retinal 
response in the immediate vicinity of the electrode, the effect of moving a 
stimulus spot away from the electrode should be qualitatively the same as 
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reduction of stimulus intensity. This result was clearly obtained, as may 
be seen by comparing Figs. 4 and 7. The order in which components 
dropped out was the same in both cases, and moving the stimulus spot 
away from the electrode gave the expected increase in latency of the 
b-wave. Thus with a small stimulus spot an electrode near the retinal 
surface of Bruch’s membrane records only local responses from a small 
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Fig. 7. Effect of moving stimulus spot with the electrode deep in the retina. 
Active electrode close to the retinal surface of Bruch’s membrane, at nasal border 
of tapetum lucidum, and indifferent electrode in vitreous humour. Stimulus spot 
was 0-25 mm in diameter, with a retinal illumination of 710 lm/m*, and was re- 
peated at 5 sec intervals. Records were obtained with increasing distance of the 
stimulus spot from the electrode, and then a control record was made with the spot 
centred on the electrode again. Distance of the stimulus from the electrode is 
given at the left in terms of visual angle; 4° was about 1 mm on the retina. 


retinal area immediately surrounding the electrode. This means that the 
retina itself is not an isopotential medium and must therefore have an 
appreciable transverse resistance. 

There is no fixed limit to the area from which an intraretinal electrode 
records, but this area appears to be rather smali. In Fig. 7 when the centre 
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of the stimulus spot was moved only 0-5 mm away from the electrode, 
placing the border of the spot about 0-375 mm from the electrode, the 
a-wave disappeared. This disappearance of the a-wave probably indicated 
that the electrode no longer recorded the response to the high-stimulus 
intensity in the focused spot, but only the effects of lower intensity light 
close to the border of the focused spot. Thus this method gives an estimated 
recording area about 0-75 mm in diameter. When responses were recorded 
to centred spots of increasing sizes, there was no significant increase in 
b-wave amplitude after the spot size had reached about 1-5 mm. The first 
method probably gives an under-estimate, since the amount of the stimulus 
spot which must fall within the recording area to be detected is unknown. 
The second method probably gives an over-estimate, since the increase in 
spot size beyond about 0-75 mm might increase response amplitude only 
because the peripheral portion of the stimulus increases light intensity at 
the centre of the spot by stray light effects. Thus the relation between 
results of the two methods is as expected, and the diameter of the recording 
area of an intraretinal electrode is estimated between 9-75 and 1-5 mm. 
Of course this gives only the general order of magnitude of the recording 
area, since the actual recording area in a given case will depend upon a 
variety of factors. 


Resolution of differences between positive and negative b-waves 


It now seems established that because of different electrical recording 
conditions an intraretinal electrode can record a local response from the 
retinal area immediately surrounding the electrode, while the e.r.g. in the 
vitreous humour is a summed response from almost the entire retina. Since 
the retinal areas contributing to the responses are different, effective 
stimuli for these responses can also be different. With a light spot focused 
on the electrode, and no background illumination, the lecal response will 
be to the relatively high and homogeneous intensity of focused light near 
the electrode, while the e.r.g. in the vitreous humour will be a response to 
the lower and non-homogeneous intensity of the stray light. 

Figure 8 shows schematically how these differences in effective stimuli 
can account for differences in time course of the positive and negative 
b-waves. The stimulus spot is shown centred upon the electrode, and the 
retinal area around the stimulus spot is subdivided into a series of con- 
centric annuli., In this paper latency will always refer to the time from 
beginning of the stimulus to the initial rise of the response, while the time 
from beginning of the stimulus to the peak of the response will be defined 
as the peak delay. As stimulus intensity decreases toward the peripheral 
annuli in Fig. 8, both the latency and peak delay of the local b-wave are 
shown to increase. Such effects were clearly seen when recording the local 
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b-wave and either reducing the stimulus intensity or moving the focused 
spot away from the electrode. The illustrated increases in latency and peak 
delay of the local response, from the focused spot to the peripheral annuli, 
are of the correct order of magnitude ; this was determined by experiments 
like that illustrated in Fig. 7. The magnitudes of these increases in latency 
and peak delay of the local response have proved sufficient to account for 
differences in time course of the negative and positive b-waves. 
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Fig. 8. Schematic illustration of effective stimuli for b-waves recorded by either a 
conventional lead in the vitreous humour or an intraretinal electrode. The manner 
in which these stimuli are considered to produce the responses recorded at these 
two electrode locations is also indicated. See text for explanation. Stimulus 
conditions assumed are no background illumination and a small stimulus spot of 
high intensity. 


Since an electrode in the vitreous humour did not detect any response to 
the focused spot, only the annuli around the focused spot are shown as 
contributing to the response at this electrode. The response presumably 
recorded from each annulus is illustrated, and these responses are shown as 
positive, since that is the polarity with which they seem to be recorded by 
an electrode in the vitreous humour. Relative amplitudes of these responses 
are arbitrary. As stimulus intensity decreases toward the more peripheral 
annuli, the response amplitude from unit retinal area will decrease but the 
retinal area producing the response will increase. Since an electrode in the 
vitreous humour does not record the effect of the focused light, but does 
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record stray light, the effect of retinal area seems to predominate. The 
responses from more peripheral annuli are therefore represented with 
larger amplitude, as well as longer latency and peak delay. The summed 
response from the peripheral annuli is also shown. Of course, the retinal 
area producing the fastest response is that under the focused spot. This 
local response is illustrated as recorded by the intraretinal electrode; it is 
negative in polarity and larger in amplitude than the positive b-wave 
recorded in the vitreous humour. 

The latency of the positive b-wave is determined by the fastest response 
contributing to the summed record, which is that of the first annulus 
around the stimulus spot. The latency of that response is longer, however, 
than that recorded by the intraretinal electrode from the area under the 
stimulus spot itself. Thus the longer latency of the positive b-wave, by 
comparison with that of the local negative one, is readily understood. The 
peak delay of the positive b-wave is greater than that of the negative one 
for two reasons. The peak delays of the local potentials, which sum to form 
the positive b-wave, are longer than that of the local potential under the 
stimulus spot. Also the peak delay of the summed potential is greater than 
that of the fastest response in the summed potential. This latter point 
probably explains the observed fact that the difference between peak delays 
of the positive and negative b-waves is greater than the difference between 
latencies (see Fig. 10). 

The smoother peak of the positive b-wave is also readily understood from 
Fig. 8. Since the positive b-wave is a summation of responses to different 
light intensities, having different latencies and peak delays, the summed 
response has a relatively smooth peak. Since the negative b-wave is a 
response to the uniform stimulus intensity in the focused spot of light, its 
peak is much sharper. 

It should be noted that Fig. 8 does not seem to involve any untested 
assumptions with respect to its restricted function of explaining the dif- 
ferent time courses of the positive and negative b-waves. For this purpose 
it is based only on well known principles of stray light, the readily demon- 
strated increases in latency and peak delay of the local b-wave with in- 
creased distance from the stimulus spot, and present findings concerning 
the different retinal areas contributing to the positive and negative b-waves. 

It is now clear that if the focused stimulus did contribute to the response 
in the vitreous humour, latencies of the positive and negative b-waves 
should be identical. By this criterion the focused spot did not contribute 
to the positive b-wave, however, even for the largest stimulus spot (3-0 
mm) and highest stimulus intensity used in this study. In the limiting case 
uniform stimulus intensity would be provided over the entire retina, and 
the positive and negative b-waves should then have identical time courses. 

16-2 
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An approach to this condition was provided by placing a glow tube, covered 
by a diffusing glass, directly over the eye. With this stimulus the latencies 
of the positive and negative b-waves could be made identical, but, as 
expected, the stimulus intensity was not sufficiently uniform to match the 
peak delays. This seems clear evidence that the latency difference usually 
found between positive and negative b-waves is due oniy to differences in 
effective stimuli for the responses. 

With regard to polarity of the b-wave, it will be shown presently that the 
positive b-wave can be detected throughout the retina, as well as in the 
vitreous humour. Hence polarity of the b-wave is not determined simply 
by whether the electrode is in the vitreous humour or retina, since both 
negative and positive b-waves can be recorded with an intraretinal lead. 
The negative b-wave is always generated by the retinal area very close to 
the electrode, however, and the positive b-wave is always recorded from 
retinal areas at some distance from the electrode. Thus polarity of the 
b-wave appears related to distance of the electrode from the retinal area 
where the recorded b-wave is generated. Such a reversal of polarity is not 
surprising on theoretical grounds, but the precise explanation is not yet 
clear. 


Experiments on diffuse and local responses 


The resolution of differences between positive and negative b-waves has 
been presented in this paper as early as possible, since it seems crucial to 
understanding many of our detailed findings. The experiments to be pre- 
sented now give additional support for the foregoing interpretation, and 
also further findings. 

Diffuse and local responses as a function of retinal depth. Figure 9 
shows detailed changes which occur as the electrode moves through the 
retina. It might be noted that there are distinct differences between records 
obtained at equivalent electrode positions in this case and in Fig. 2. The 
results of Fig. 2 were obtained from a dark-adapted eye, with stimuli 
well spaced to preserve dark-adaptation. In Fig. 9 the rather high repeti- 
tion rate had the advantage of quickly establishing a stable response, and 
thereafter many records could be obtained within a relatively short time, 
but of course the eye was not as well dark-adapted. These records were 
obtained by penetrating the retina and then taking pictures during elec- 
trode withdrawal. The advantages of obtaining this type of record during 
withdrawal, rather than during penetration, are discussed elsewhere 
(Brown & Wiesel, 1961). At each electrode position records were obtained 
with the indifferent electrode either on the back of the head or in the vitreous 
humour. Let us consider now the former type of results, shown in the 
right-hand column. A typical positive b-wave is seen in the vitreous 
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humour. At a depth of 30,4 this same wave appears to be recorded at 
reduced amplitude. At 45, a transition case is seen. Here there is first a 
negative potential, followed by a positive potential similar to that recorded 
in the vitreous humour. At 90, the negative deflexion has become very 
strong and the positive potential may be seen only as a small hump in the 
record. This condition persists until Bruch’s membrane, and in the choroid 


Indifferent electrode Indifferent electrode 
in vitreous humour on back of head 


OS sec 05 sec 


Vitreous — 


humour 


Fig. 9. Systematic changes of response with electrode depth. Records were made at 
the nasal border of the tapetum lucidum, where the electrode motion was perpen- 
dicular to the retinal surface. Results were obtained during electrode withdrawal, 
and electrode depths from the retinal surface are given in micra at left. At a depth 
of 195 yu the electrode was on the choroidal! side of Bruch’s membrane, and at a depth 
of 180 » it had just slipped through to the retinal side of Bruch’s membrane. 
Responses were recorded at 15 » intervals, but records are shown only from those 
retinal levels where marked changes occurred. While the electrode was at each depth, 
recordings were made with the indifferent electrode either on the back of the head 
or in the vitreous humour. Thus systematic changes of the response with electrode 
depth are shown for both locations of the indifferent electrode. Stimulus spot was 
1-5 mm in diameter, with a retinal illumination of 710 lm/m*, centred on the elec- 


trode and repeated at 10 sec intervals. 
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only a negative potential is seen. These findings are entirely typical of 
those found in many penetrations. Thus the positive b-wave, as recorded 
in the vitreous humour, also seems to be recorded within the retina. This 
finding has been reported in the frog retina by Ottoson & Svaetichin (1953), 
Brindley (1956c), and Tomita et al. (1960). 

When the indifferent electrode is placed in the vitreous humour, an 
active electrode in the vitreous humour no longer records the positive 
response but only a very small complex potential. Comparison of left- and 
right-hand records indicates that for all intraretinal locations of the active 
electrode the positive response is abolished when the indifferent electrode 
is in the vitreous humour. If the positive response in the right column 
decreased in magnitude as the electrode depth increased, in the left-hand 
column the electrode would record a negative diffuse potential which would 
increase in amplitude with electrode depth. If this occurred, the negative 
b-wave at deep electrode locations in the left column would consist partly 
of a negative diffuse response. Evidence presented later in this paper (see 
Fig. 12) shows that when the indifferent electrode is on the back of the 
head the magnitude of the positive response is essentially unchanged as 
the active electrode penetrates the retina. This is probably because the 
radial electrical resistance of the cat retina is negligible in relation to that 
of the ‘R membrane.’ Tomita et al. (1960) report that in the frog the elec- 
trical resistance of the retina is about 20°% as great as that of the ‘R 
membrane,’ and it appears likely that this percentage is smaller in the cat. 
In any case the constant magnitude of the positive potential through the 
retina means that when the indifferent electrode is in the vitreous humour 
the diffuse response must not be recorded at any location of the intra- 
retinal electrode. Placement of the indifferent electrode in the vitreous 
humour is therefore a convenient technique for recording local intraretinal 
potentials in isolation from the more diffusely generated ones. 

If the intraretinal records in the right-hand column consist of a simple 
summation of the negative local potentials in the left-hand column plus 
the positive diffuse response, subtraction of the upper right-hand record 
from each record of the right-hand column should yield the corresponding 
record of the left-hand column. This has been found correct within a small 
margin of error. This indicates that the local potentials are similarly 
recorded regardless of whether the indifferent electrode is in the vitreous 
humour or on the back of the head. Also, the diffuse and local potentials, 
which may be recorded with an indifferent electrode on the back of the 
head, show no evidence of interaction and appear to be simply additive. 

It should be noted that in Fig. 9 at a given level of intraretinal recording 
the presence of the positive b-wave in the record affects the appearance of 
the negative b-wave; its recorded amplitude is slightly reduced and its 
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falling phase is too rapid. Hence the local negative b-wave cannot be 
recorded accurately unless the positive b-wave is eliminated. This may be 
achieved, even with the indifferent electrode on the back of the head, by 
using a small stimulus spot. Although the local negative b-wave becomes 
maximum when the spot size is increased to about 1-0 mm, this stimulus 
produces only a small positive b-wave. This is because little stray light is 
produced, and further increase of spot size is quite effective for increasing 
the intensity of stray light. With a spot size of about 0-5 mm large local 
responses can be recorded with no sign of the positive b-wave ; this is shown 
in Fig. 4. Similar results with small stimulus spots have been obtained in 
the frog by Brindley (1956c). 


Jiomv 


Fig. 10. Change from positive to negative b-wave with electrode depth. Penetra- 
tion in area centralis. Record A was made with the active electrode in the vitreous 
humour, B in the region of the inner nuclear layer, and C slightly deeper than the 
inner nuclear layer. Indifferent electrode on back of head. Stimulus was a 1-5 mm 
spot with a retinal illumination of 710 lm/m*, centred on the electrode and repeated 
at 5 sec intervals. The lower voltage calibration applies only to record C. The 
positive b-wave in record A had a latency of 40 msec and a peak delay of 80 msec. 
The negative b-wave in records B and C had a latency of 14 msec and a peak delay 
of 40 msec. 


Time courses of diffuse and local b-wave. It could be questioned whether 
the positive potential found in the retina is actually identical with that 
recorded in the vitreous humour, and also whether the negative intraretinal 
potential is the same at all retinal levels. Figure 10 shows the time courses 
of the b-waves recorded at three electrode locations which include the 
vitreous humour, the transition level in the retina where both negative and 
positive b-waves were clearly recorded, and the deep retinal level where 
primarily the negative potential was seen. Gains were adjusted so that the 
potentials of interest all appeared at about equal amplitude, for ease of 
comparing time courses. The initial portion of the intermediate record has 
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a time course identical with that of the deep record, and the peak delay of 
the positive potential in the intermediate record is identical with that of 
the positive potential in the vitreous humour. Thus the two potentials 
which sum to form the intermediate record may be identified with the 
negative b-wave found at deeper levels and the positive b-wave found in 
the vitreous humour. 

Generalization of results to components other than the b-wave. Differences 
between recordings of other components in the vitreous humour and retina 
may now be similarly explained. With focused stimuli both the latency 
and peak delay of the a-wave are shorter within the retina than in the 
vitreous humour, but these values can be made identical with diffuse 
stimuli. Precise comparison of time courses of the c-wave and d.c. com- 
ponent between the vitreous humour and intraretinal recording conditions 
is difficult and has not been attempted. Termination of the diffuse d.c. 
component in the vitreous humour occurs more slowly, however, than that 
of the local response in the retina. In Fig. 9 the left-hand column shows 
termination of only the negative d.c. component. The right-hand column 
shows termination of only the positive d.c. component at shallow depths; 
at deeper locations there is first an upward deflexion due to termination 
of the negative d.c. potential, followed immediately by a downward 
deflexion due to termination of the slower positive d.c. component. Hence 
results in Fig. 9 at termination of the d.c. component are quite analogous 
to those obtained for the b-wave. 

Elimination of local intraretinal responses. Several methods have been 
used to abolish the local intraretinal responses. Figure 11 shows results 
when the electrode was located at an intermediate retinal depth and the 
stimulus spot was moved away from the electrode. Record A, with the 
stimulus centred on the electrode, shows both negative and positive b- 
waves. Record B was then obtained after moving the stimulus spot 2-5 mm 
away from the electrode. This procedure abolished the local negative b- 
wave but left the positive one intact. Increasing the distance of the 
stimulus from the electrode had no effect upon the response shown in 
record B, provided that the stimulus was kept within the tapetum lucidum 
so that the amount of stray light was relatively constant. The effect on the 
negative b-wave was therefore the same as that found with a deep intra- 
retinal electrode (see Fig. 7) and the effect on the positive b-wave was the 
same as that found when recording the positive b-wave in the vitreous 
humour (see Fig. 5). This assures us that the negative b-wave is from a 
local retinal area, regardless of electrode depth in the retina; likewise the 
positive b-wave is diffusely produced, regardless of whether it is recorded 
in the vitreous humour or retina. 

It may be noted in Fig. 11 that when the negative b-wave was abolished 
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the recorded amplitude of the positive b-wave above the base line in- 
creased. This masking effect of the negative upon the positive potential 
is readily understood from Fig. 9, which shows that when the negative 
b-wave is recorded in isolation it has considerable amplitude at a time value 
equal to the peak delay of the positive b-wave. This masking effect also 
accounts for the apparent decrease in amplitude of the positive b-wave 
with retinal depth in the right-hand column of Fig. 9. This is due to an 
increase of the masking effect with retinal depth, since the negative b-wave 
increases in amplitude until the electrode reaches the external plexiform 
layer (Brown & Wiesel, 1961). 
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Fig. 12 


Fig. 11 
Fig. 11. Isolation of positive intraretinal b-wave by moving stimulus spot. 
Electrode in nasal portion of tapetum lucidum at approximate depth of the inner 
nuclear layer. Indifferent electrode on back of head. Stimulus was 1-5 mm spot, 
with a retinal illumination of 71 lm/m*, repeated at 5 sec intervals. In A the stimulus 
was centred on the electrode, while in B the centre of the stimulus spot was moved 
about 2-5 mm from the electrode. 


Fig. 12. Isolation of positive b-wave with electrode deep in the retina. In A the 
electrode was in the vitreous humour, while in B it was close to the retinal side of 
Bruch’s membrane. Indifferent electrode on back of head. In record B the usual 
negative b-wave was blocked by local pressure of the electrode on the retina (see 
text), and a positive b-wave was thus revealed like that recorded in the vitreous 
humour. Stimulus was 3 mm spot, with a retinal illumination of 710 lm/m*, centred 
on the electrode and repeated at 5 sec intervals. 


Another method of abolishing the local response selectively is shown in 
Fig. 12. In certain cases when the electrode was deep in the retina the 
negative b-wave rather quickly declined and sometimes disappeared 
completely. Abnormal results of this type were always associated with a 
dark spot on the retina, at the site of electrode penetration, clearly seen 
through the ophthalmoscope. Such a dark spot indicates local pressure. 
Thus in these cases the electrode was not penetrating properly and was 
applying pressure to the retina; apparently this pressure blocked electrical ~ 
activity locally either by direct effect or by interfering with local circulation. 
When this abnormal effect occurred, the extreme result of blocking the 
local response was as shown in record B of Fig. 12. Record A was taken 
immediately afterward in the vitreous humour. The potential recorded 
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by the deep intraretinal electrode, with the local response blocked, was 
identical in time course and amplitude with the b-wave recorded in 
the vitreous humour. Responses recorded at intermediate depths in the 
retina, during electrode withdrawal, were like those illustrated. Hence 
the amplitude of the positive b-wave appears to change very little, if at 
all, from the vitreous humour through the retina. Since the effects in 
record B were due to local pressure block, this is also another way of demon- 
strating that the abolished negative b-wave is generated near the electrode 
while the positive b-wave is recorded from distant retinal areas. 

A third method of blocking the local response, also used by Tomita et al. 
(1960) in the frog retina, is illustrated in Fig. 13. Records A and B were 
taken with the electrode in the vitreous humour, and near the retinal side 
of Bruch’s membrane, respectively. The eye was dark-adapted in both 
cases, and record B shows only the negative b-wave. Record C was then 
taken with the same deep electrode position as B, but the local negative 
response was suppressed. This was done by providing a restricted area of 
high-intensity background illumination which was centred on the elec- 
trode, and upon which the stimulus was superimposed. The negative 
response is entirely absent in this record, but a strong positive b-wave 
is seen, similar to that found in the vitreous humour. The positive response 
is slightly smaller than in the vitreous humour, since the background 
illumination also masks somewhat the response from retinal areas distant 
from the electrode. Record D was then taken with the background 
illumination still on, but with the electrode on the choroidal side of Bruch’s 
membrane. Since the local response must be absent in both C and D, the 
diffuse response clearly inverts polarity when Bruch’s membrane is 
penetrated. 


Comparison of responses in retina and choroid 


We have thus far treated primarily the relation of recordings in the 
vitreous humour to those in the retina. The two bottom records of Fig. 9 
were obtained after penetration of Bruch’s membrane, when the electrode 
was in the choroid, and are somewhat different from those obtained in 
either the vitreous humour or retina. With the indifferent electrode on the 
back of the head, penetration of Bruch’s membrane resulted in a marked 
decrease in amplitude of the entire record. The b-wave in the choroidal 
record had a latency like that of the local intraretinal b-wave but a peak 
delay intermediate between those of the local and diffuse b-waves. 
Hence the b-wave in the choroid appeared to be a summation of the local 
and diffuse b-waves, both of them having negative polarity. This may be 
expected, since the diffuse b-wave becomes inverted when Bruch’s mem- 
brane is penetrated. 


Fig. 13. Isolation of the conventional diffuse e.r.g. recorded by an intraretinal 
electrode, and demonstration of the polarity reversal of this response across Bruch’s 
membrane. A flashlight was used as stimulus in all records. This provided a diffuse 
illumination of the retina. The | sec marker only gives the time scale, and stimulus 
duration was of the order of 0-5—1-0 sec. The amplitude calibration for record A 
applies also to records C and D. Indifferent electrode on back of head. In record 
A the active electrode was in the vitreous humour and the eye was well dark- 
adapted. In record B this electrode was close to the retinal side of Bruch’s mem- 
brane and the eye was still dark-adapted. Record C was then obtained without 
moving the electrode, but a restricted area of background illumination was pro- 
vided upon which the stimulus was superimposed. This background illumination 
was a retinal spot 4mm in diameter, centred on the electrode and having a 
retinal illumination of 22 lm/m*. It effectively suppressed the local response in the 
region of the electrode and revealed a diffuse response similar to that recorded 
in the vitreous humour. In record D the local response was still suppressed by the 
background illumination, but in this case the electrode had penetrated to the 
choroidal side of Bruch’s membrane. The diffuse type of response clearly inverted 
polarity when that membrane was penetrated. 
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With the indifferent electrode in the vitreous humour, penetration of 
Bruch’s membrane produced a less dramatic reduction of the entire 
recording. In this case also the b-wave in the choroid had a latency like 
that of the local b-wave, while its peak delay was displaced toward that 
of the diffuse b-wave. Since the diffuse b-wave in the right-hand column 
of Fig. 9 is quite constant in magnitude throughout the vitreous humour 
and retina (see Fig. 12), it appears in the left-hand column only when 
Bruch’s membrane is penetrated. When the active electrode enters the 
choroid, it then detects the difference between the positive diffuse b-wave 
as shown in the top right-hand record of Fig. 9 and the negative diffuse 
b-wave which contributes to the lower right-hand record. Of course 
polarity will be negative, since the reference potential is now that of the 
vitreous humour. This means that in the choroidal recordings of Fig. 9 the 
left- and right-hand records should be identical, except that the left-hand 
record should contain an inverted potential like that in the upper right- 
hand record of Fig. 9. This has been checked and found correct within a 
small margin of error. The expected result has therefore been obtained for 
the choroidal records. 

A weak negative c-wave was often recorded after penetrating Bruch’s 
membrane (see Figs. 2, 9). This was first interpreted as an inversion of the 
local c-wave at Bruch’s membrane (Brown & Wiesel, 1958), which was 
considered significant for localizing the origin of the c-wave, but this view 
was incorrect. Failure of the local potentials to invert polarity is shown by 
Fig. 14. The active electrode was in the choroid; record A was obtained 
with the stimulus spot on the electrode, and local potentials were then 
eliminated in record B by moving the stimulus spot far away from the 
electrode. Thus Fig. 14 shows the effects of eliminating local responses 
recorded in the choroid, and record B is another way of showing the in- 
verted diffuse responses. Elimination of the local c-wave made the 
recorded c-wave slightly more negative. This effect was small but con- 
sistent, indicating that the local c-wave recorded in the choroid was small 
but positive in polarity. Effects on the b-wave and d.c. component also 
indicated that the local potentials eliminated were small but of the same 
polarity as in the retina. When the stimulus spot was centred on the 
electrode a small positive a-wave was sometimes seen, but this could never 
be detected under the conditions of record B. The results of Fig. 14 were 
obtained with the indifferent electrode in the vitreous humour, but results 
with respect to the local potentials were the same when it was on the back 
of the head. The local potentials therefore maintain their polarity through 
Bruch’s membrane but decrease greatly in amplitude when that membrane 
is penetrated, regardless of the position of the indifferent electrode. Diffuse 
potentials in the choroid were all inverted, however, with respect to con- 
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ventional recordings; this was true for both positions of the indifferent 
electrode but the inverted potentials were larger when it was in the 
vitreous humour. 

One consequence of this analysis is that when the active electrode is in 
the choroid the local and diffuse potentials are of the same polarity in the 
cases of the a-wave, b-wave, and d.c. component. The local c-wave is 
positive, however, while the diffuse one is negative. This probably explains 
the fact that in the choroid the polarity of the recorded c-wave was variable, 
apparently depending upon the relative amplitudes of the local and 
diffuse c-waves, as determined by conditions of stimulating and recording. 


0-5 sec 


Fig. 14. Effect of moving stimulus spot with the active electrode in the choroid. 
Indifferent electrode in vitreous humour. Stimulus spot was 1-5 mm in diameter, 
with a retinal illumination of 710 lm/m*, and was repeated at 5 sec intervals. The 
response in A was obtained with the stirnulus spot centred on the electrode, and in 
B local responses were eliminated by moving tho stimulus spot to a retinal area far 


away from the electrode. 


DISCUSSION 


Component analysis of cat ¢.r.g. 


It is tempting to consider the a- and c-waves simply as early and late 
portions of the same response, since the local a- and c-waves both have 
amplitude maxima at the retinal surface of Bruch’s membrane (Brown & 
Wiesel, 1961) where both are positive in polarity. This hypothesis, how- 
ever, may be clearly rejected, The diffuse a-wave in the vitreous humour 
is opposite in polarity to the local a-wave, but the c-wave does not show 
this inversion in polarity. Hence there must be different patterns of current 
flow associated with these two components. Also, Yamashita (195%) and 
others have shown that the a-wave, but not the c-wave, may be recorded 
from an isolated retina. 

It might also be wondered whether the d.c. component is really generated 
by a distinctive mechanism or by the same mechanism as one of the other 
components. The following paper will show that the local b-wave and d.c. 
component both have amplitude maxima slightly distal (choroidal) to the 
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outer margin of the inner nuclear layer. Thus the only possibility for the 
d.c. component being part of another component would be if thed.c. potential 
and b-wave were two parts of the same response, with the b-wave requiring 
higher stimulus intensity. The following paper will also show, however, that 
xylocaine (lignocaine B.P., lidocaine U.S.P.) produces complete and rever- 
sible block of the b-wave without affecting the d.c. component. Hence the 
d.c. component seems clearly established as a fourth major component in the 
cat. Termination of the positive d.c. component has been observed pre- 
viously in the cat e.r.g. (Granit, 1933). P II (the ‘positive remainder of 
curve after removal of the first process’) has been assumed to consist of 
both the positive b-wave and a very slow positive potential, so the ter- 
mination of PIT has been considered to account for the negative deflexion 
which occurs when the stimulus is turned off (Granit, 1933). Since the 
b-wave and d.c. component are now shown to be independent, it appears 
that PII in the cat must be subdivided into these two components. 

It should be emphasized that in this paper only the four major com- 
ponents of the dark-adapted cat e.r.g. have been described. Clear notches 
have been observed on the rising phase of the local b-wave, as reported by 
others for the diffuse b-wave in man (see Heck, 1957). Hence the local 
b-wave is undoubtedly complex and may be subdivided, further indicating 
its similarity to the diffusely recorded response. The local b-wave is 


particularly promising for this type of analysis because of its large ampli- 
tude, but this has not yet been undertaken. Certain published records 
show a weak d-wave (positive off-response) in the cat with conventional 
recording conditions (see Granit, 1933). This response was also found in 
the present study, but only when the retina was rather well light-adapted, 
so it appears to be more characteristic of the light-adapted state. 


Terminology 


Terminology in this field is in a state of flux and its clarification is 
becoming important. Tomita & Torihama (1956) have used the term intra- 
retinal action potential (e.i.r.g.) to refer to slow potentials recorded by an 
intraretinal lead. This term specifies that the electrode is in the retina but 
does not distinguish between the local and diffuse potentials which may be 
recorded under these conditions. It now appears desirable to specify these 
potentials in terms of their intrinsic properties rather than by electrode 
position. The following terminology is therefore proposed. It is suggested 
that the term e.r.g. be retained and clearly defined as the complex of slow 
potentials in response to light stimuli which consists of summed activity 
from virtually the entire retina. Nothing is said in this definition about 
electrode position, but if it is desired to specify recording conditions one 
may readily refer, for example, to the corneal or intraretinal e.r.g. The term 
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le.r.g. (local e.r.g.) is then suggested to designate a complex of slow 
potentials recorded only from the retinal area immediately surrounding an 
electrode. These terms stress the fundamental similarity of these potentials 
and also the fact that the major difference is whether the recorded activity 
is from virtually the entire retina or only from a local area near the 


electrode. 


Relation between e.r.g. and l.e.r.g. 


Detailed explanation of how the local potentials sum to form the e.r.g. 
seems to require greater knowledge of the patterns of current flow asso- 
ciated with retinal slow potentials than is now available. Detailed specu- 
lation will therefore not be undertaken, but certain points seem clear and 
worth summarizing. 

An active electrode in the retina seems incapable of recording local 
potentials transversely through the retina over any appreciable distance. 
This is probably due to a relatively high transverse resistance of the retina. 
The local potentials from all over the retina sum, however, in the vitreous 
humour. The polarity of the summed response is inverted with respect to 
the local potential for all major components except the c-wave; the basis 
of these polarity inversions is unknown. Since the vitreous humour is 
equipotential, the summed response is recorded equally well from any 
position in that medium. The vitreous humour therefore forms a low-re- 
sistance shunt which permits an intraretinal electrode to record the 
summed response from distant retinal areas. When the indifferent elec- 
trode is on the back of the head, the e.r.g. remains constant in magnitude 
as the active electrode penetrates the retina. This is probably because the 
radial electrical resistance of the cat retina is negligible in relation to that 
of the ‘R membrane’. When the active electrode penetrates Bruch’s 
membrane the entire e.r.g. becomes inverted in polarity. The obvious 
conclusion from this, that the entire e.r.g. has its origin at Bruch’s mem- 
brane, is probably incorrect. The polarity inversion seems more plausibly 
explained by assuming that all components of the e.r.g. are reduced in 
magnitude in the choroid after crossing the high resistance of Bruch’s 
membrane; if the indifferent electrode on the back of the head is then 
assumed to have a reference potential intermediate between that of the 
retina and choroid, the change in magnitude of each potential between the 
retina and choroid will result in a polarity inversion as Bruch’s membrane 
is penetrated. The indifferent electrode in the vitreous humour has the 
reference potential of that medium; thus in this case no e.r.g. is recorded 
before penetrating Bruch’s membrane, and immediately after penetration 
the entire potential drop across Bruch’s membrane is detected. Since the 
intraretinal e.r.g. is due to activity generated at some distance from the 
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electrode, variations in the amplitude of this response with retinal depth 
should be determined primarily by the passive electrical resistance of the 
tissue. This appears to be the case. 

With respect to the local responses, the vitreous humour and back of 
the head are equivalent positions of the indifferent electrode. This means 
that both positions of the indifferent electrode have the same reference 
potential with respect to the local responses and are therefore equally 
remote with respect to such responses. 


Consequences of the relation between the e.r.g. and L.e.r.g. 


The fact that the e.r.g. and l.e.r.g. are generated in fundamentally the 
same way has the effect of simplifying retinal neurophysiology. It also 
provides a clear link between the results of intraretinal work and the large 
body of literature on the e.r.g. Although the e.r.g. is readily recorded and 
rather widely used as a tool in visual research and clinical diagnosis, the 
greatest limitation in its present use is lack of understanding of its physio- 
logical significance in the visual process and therefore the difficulty of 
interpreting results. Investigations of the e.r.g. itself have yielded rather 
limited information on its physiological significance, and the l.e.r.g. seems 
much better adapted to solution of this problem. Since potentials in the 
l.e.r.g. are larger, details are more readily resolved and problems may be 
studied which are difficult or impossible with the e.r.g. Since the l.e.r.g. is 
generated from the retinal area through which the electrode is passing, the 
magnitude of any given component should become maximum as its site of 
origin is passed ; hence the local responses provide a method for determining 
the retinal level at which each component is generated (Brown & Wiesel, 
1961). They likewise give a technique for comparing responses from dif- 
ferent portions of the same retina. 


SUMMARY 


1. The e.r.g. of the dark-adapted cat retina has been analysed into 
four major components. In addition to the well known a-, b-, and c-waves, 
there is a d.c. component which is positive in polarity when recorded by 
conventional methods. 

2. The diffuse type of e.r.g. found in the vitreous humour could also be 
recorded at all retinal depths with essentially undiminished amplitude. In 
addition, an intraretinal electrode recorded a local e.r.g. (l.e.r.g.) from a 
small area immediately surrounding the electrode. All components except 
the c-wave became inverted in polarity between the diffuse and local re- 
sponses. Various methods were used for studying the intraretinal local or 
diffuse responses in isolation. 
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3. When stimulus intensity was reduced, the order in which components 
dropped out was the same for the local and diffuse responses. In both 
cases the a-wave dropped out first, followed by the c-wave and then the 
b-wave; the d.c. component disappeared last. Thus components of the 
local and diffuse responses appear to be fundamentally identical. 

4. There were differences of detail between these responses, however, 
which had to be resolved. For example, the local b-wave had a shorter 
latency and sharper peak than the diffuse b-wave, in addition to being 
opposite in polarity. Electrical recording conditions were therefore 
examined for the two types of response. 

5. Responses in the vitreous humour were unaffected by moving the 
stimulus spot or electrode over large distances. The vitreous humour is 
therefore an isopotential medium, and the e.r.g. recorded in this medium 
is a summation of responses from essentially the entire retina. Focused 
light did not contribute to the recorded response, even with stimulus spots 
up to 3-0 mm in diameter. Apparently the response to focused light was 
summed over too small an area to be detected by an electrode in the 
vitreous humour, so in this medium the recorded response to a focused 
stimulus was due to low-intensity stray light over a large retinal area. This 
response was found undiminished through the retina, probably because 
the radial resistance of the cat retina is negligible in relation to that of 
Bruch’s membrane. 

6. With an intraretinal lead the local response changed rapidly as a 
focused light spot was moved away from the electrode, and the effects 
were qualitatively like those of reducing stimulus intensity. Thus, these 
responses were recorded only from the immediate vicinity of the electrode ; 
responses from distant retinal areas were not recorded directly, probably 
because the retina has an appreciable transverse resistance. 

7. The different electrical recording conditions for local and diffuse 
responses mean that they are from different areas of the retina and that the 
effective stimuli for the two responses can therefore be quite different. Ifa 
stimulus spot is centred on an intraretinal electrode, with no background 
illumination, the local response will be to the high and homogeneous 
stimulus intensity in the focused light spot while the diffuse response will 
be to the low-intensity and non-homogeneous stray light. It is shown that 
differences between time courses of the local and diffuse responses are 
satisfactorily resolved in these terms. 

8. Since the e.r.g. and Le.r.g. are fundamentally the same potentials, 
results of studying either one may now be applied to the other. Although 
the e.r.g. is more readily recorded, the |.e.r.g. seems better adapted to 
problems concerning the origin and physiological significance of these 
potentials. 
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The experiments of this paper were conducted in the Neurophysiology Laboratory of the 
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A large literature has developed on the electroretinogram (e.r.g.); for 
the most recent review see Crescitelli (1960). Structures generating the 
various components, however, are still not clearly identified. This problem 
must be solved before the significance of the e.r.g. in the visual process can 
be understood and before the e.r.g. can be accurately interpreted as a tool 
for visual research or clinical diagnosis. 

A number of investigators have now attacked this problem by using 
micropipette electrodes to record the intraretinal potentials of the frog 
retina (Tomita, 1950, 1959; Tomita, Funaishi & Shino, 1951; Tomita, 
Mizuno & Ida, 1952; Ottoson & Svaetichin, 1953; Brindley, 1956, 1958, 
1960; Tomita & Torihama, 1956; Tomita, Murakami & Hashimoto, 1960). 
Agreement has not resulted from these studies, however, and results as 
well as interpretations have sometimes differed sharply. Brindley (1956) 
has shown that lack of agreement is due at least partly to difficulties of 
working with retinas which have been removed from the animal. 

The technique of using micropipette electrodes in the retina of the intact 
mammalian eye solves certain technical problems (Brown & Wiesel, 1959). 
This preparation can be maintained in normal physiological condition for 
one or two days. Methods have also been developed in this preparation for 
determining the location of the electrode tip by physiological criteria ; these 
methods are at least as accurate as electrode staining procedures (Brown 
& Tasaki, 1961) and give immediate information about electrode depth. 

In a previous paper the dark-adapted cat e.r.g. has been analysed into 
four major components (Brown & Wiesel, 1961). In addition to the well 
known a-, b-, and c-waves, there is a d.c. component which is positive in 
polarity with conventional recording methods. All these components have 
also been identified in the local e.r.g. (designated the l.e.r.g.) recorded by 
an intraretinal electrode. Each component of the e.r.g. seems to be 


* Present address: Harvard Medical School, 25 Shattuck Street, Boston 15, Massachusetts. 
17-2 


258 K.T. BROWN AND T.N. WIESEL 


generated in fundamentally the same way as its counterpart in the Le.r.g., 
and detailed differences in time course of these responses may be accounted 
for by demonstrated differences in electrical recording conditions. Since 
a direct link seems established between the e.r.g. and the l.e.r.g., findings 
concerning origin of the local responses can be applied equally well to the 
more diffusely produced e.r.g. The local responses are more favourable for 
studying this problem and have therefore been used exclusively in our 
work on localization, a preliminary report of which has been given (Brown 
& Wiesel, 1958). The present paper will give detailed findings concerning 
the retinal level at which each of the four major components is generated. 


METHODS 


Detailed methods for using micropipette electrodes in the intact cat eye have been 
described previously (Brown & Wiesel, 1959). Application of this technique to e.r.g. work 
has also been described (Brown & Wiesel, 1961). 


RESULTS 


When the active electrode is in the retina, placement of the indifferent 
electrode in the vitreous humour makes it possible to record the l.e.r.g. in 
isolation from the e.r.g. (Brown & Wiesel, 1961). The l.e.r.g. may also be 
isolated by using retinal stimulus spots with diameters of 0-5 mm or less 
(Brown & Wiesel, 1961). Examples of the l.e.r.g. isolated by these methods 
may be seen in Figs. 2 and 6. It should be noted in Fig. 2 that with a deep 
intraretinal electrode there is a positive a-wave, negative b-wave, and 
positive c-wave. In Fig. 6, where a long stimulus was used, termination of 
a negative d.c. component may also be seen when the stimulus is turned off. 
Thus all components of the lL.e.r.g. are inverted in polarity, with respect to 
the conventionally recorded e.r.g., except the c-wave. 


Location of amplitude maxima 

Each component was localized by establishing the retinal level at which 
it was recorded with maximum amplitude. The theory underlying the 
use of this criterion, and its probable significance, will be discussed later 
in this paper. These retinal penetrations were made on the nasal side of the 
retina just within the border of the tapetum lucidum; here the electrode 
approached the retina as perpendicularly as possible. There were technical 
advantages in collecting data only during electrode withdrawal, rather than 
during penetration. It seemed possible, however, that penetration of the 
retina would alter electrical recording conditions so that results during 
penetration and withdrawal would be different. This possibility was 
checked by making measurements during electrode movement in both 
directions, and the results for the c- and b-waves are shown in Fig. 1. The 
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c-wave increased steadily in amplitude as Bruch’s membrane was ap- 
proached on the way in, reaching a maximum just before penetration of 
that membrane and becoming slightly negative just after penetration. 
This pattern was also found during withdrawal. During penetration the 
b-wave reached peak amplitude just after the electrode passed the inner 
nuclear layer. Beyond this point the amplitude declined quickly, then 
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Fig. 1. Amplitudes of b- and c-waves as a function of electrode depth, during 
both penetration snd withdrawal from the retina. Indifferent electrode on back 
of head. The zero point on the depth scale is where the retina was first contacted 
during penetration, and all electrode depths were measured from that point. Elec- 
trode advance and withdrawal was by steps of 15 1. When the electrode was at a 
depth of 165 y, records were obtained from very close to the retinal side of Bruch’s 
membrane; then the electrode slipped through Bruch’s membrane without being 
advanced further. Thus records from both sides of Bruch’s membrane were obtained 
at the same electrode setting. Response amplitudes were measured from the pre- 
stimulus base line level to the peak of each wave, and each plotted point is an 
average value from measurements of 2-3 records. Stimulus was a3 mm spot centred 
on the electrode, with a retinal illumination of 71 lm/m*. Stimulus duration was 
50 msec, and the repetition rate was one every 5 sec. 


remained rather stable for the remainder of the distance to Bruch’s 
membrane, and was sharply reduced when Bruch’s membrane was pene- 
trated. This pattern was also followed closely during withdrawal. Since 
results during penetration and withdrawal were essentially identical, 
results during electrode movement in either direction are equally valid. 
It should also be noted that during withdrawal the entire curves, for both 
c- and b-waves, were shifted about 80 » to the left on the electrode depth 
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scale. This is because of ‘tissue lag’. The zero point on the depth scale was 
retinal contact on the way in; during withdrawal contact with the retina 
was therefore lost at a negative depth value. It should be noted especially 
that the retinal surface and Bruch’s membrane were displaced equal 
distances to the left during withdrawal. Thus tissue lag seems to affect all 
retinal levels to an equal extent. This has been discussed previously (Brown 
& Wiesel, 1959) and is well illustrated by Fig. 1. For present purposes this 
has the consequence that electrode depth values during withdrawal have 
the same significance as those during penetration, providing that depth 
values during withdrawal are all measured from the point at which contact 
with the retina is lost. Figure | also shows that during electrode move- 
ment through the tissue both waves changed magnitude gradually, apart 
from the abrupt changes at Bruch’s membrane. This indicates that under 
favourable conditions the electrode motion through the tissue was very 
smooth. 

The results of Figs. 2-5 were all obtained during electrode withdrawal. 
In each penetration the electrode was introduced all the way into the 
choroid ; this assured that tissue lag was taken up before the electrode was 
withdrawn through Bruch’s membrane. Ali electrode depth values were 
then referred to a zero point where retinal contact was lost. This procedure 
of making measurements during withdrawal had several advantages. 
During penetration there was danger that the electrode advance would be 
impeded momentarily by some mechanically resistant structure; during 
withdrawal that danger was removed, so movement of the electrode 
through the tissue was usually smoother. Since there was less chance of 
the electrode tip pressing against a structure during withdrawal, the re- 
cording of pulse movement artifacts was also reduced. The histological 
depth to Bruch’s membrane at the nasal border of the tapetum lucidum 
is about 168-176 » (Brown & Wiesel, 1959). Electrode depth to Bruch’s 
membrane was measured during each penetration, and data were gathered 
during withdrawal only if this value did not exceed 200 ». This assured 
that data were taken only when the electrode passed rather directly through 
the retina and eliminated serious errors of absolute depth values. 

Figure 2 shows records obtained at 15 y» intervals during a single elec- 
trode withdrawal. Essentially pulse-free recordings were obtained at all 
except the 60 « and 90 » electrode depths. In these cases a pulse beat was 
unavoidably recorded, owing to the transducer properties of micropipette 
electrodes (see Brown & Wiesel, 1959). Relatively good dark-adaptation 
was maintained, in spite of a high-intensity stimulus which was repeated 
at 5 sec intervals, by using a stimulus duration of only 50 msec. This 
procedure gave large a-, b-, and c-waves and permitted accurate measure- 
ments of these components. 
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In Fig. 3 the amplitudes of the a-, b-, and c-waves are plotted as a 
function of electrode depth for the same electrode withdrawal illustrated 
in Fig. 2. Curves obtained for the a- and c-waves were very similar in 
shape, with maxima adjacent to the retinal side of Bruch’s membrane and 


Fig. 2. Records taken at 15 « intervals during a single electrode withdrawal. 
Electrode depth from the retinal surface is given in micra at left of each record. 
The electrode was immediately adjacent to the retinal side of Bruch'’s membrane 
at a measured depth of 195 «, and the record labelled 0 » was obtained just after 
the electrode lost contact with the retina. Indifferent electrode in vitreous humour. 
Stimulus records shown at the top of each colurnn. The stimulus was a 3-0 mm spot, 
centred on the electrode, with a retinal illumination of 71 lm/m*. Stimulus duration 
was 50 msec, and the repetition rate was one every 5 sec. No background illu- 
mination. All records in this paper obtained by d.c. amplification; positive 
potentials are displayed upward, in accordance with the convention for the e.r.g. 


gradually decreasing amplitude as the electrode was withdrawn through 
the retina. The b-wave, however, increased in amplitude during with- 
drawal until just before the electrode entered the inner nuclear layer. As 
the electrode passed from the 75 « to the 60 » depth, it entered the inner 
nuclear layer. The b-wave amplitude dropped sharply at that point and 
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then decreased more gradually during the remainder of withdrawal. The 
amplitude maximum of the b-wave was therefore slightly distal (choroidal) 
to the inner nuclear layer. 

It should be noted that all three components in Fig. 3 were plotted 
during a single electrode withdrawal and therefore on a single depth scale. 
It follows that relationships between the three curves must be accurate. 
Also the retinal locations of these maxima have now been confirmed by 
electrode staining (Brown & Tasaki, 1961). It therefore seems established 
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Fig. 3. Amplitudes of a-, b- and c-waves as a function of electrode depth. Results 
are from the same electrode withdrawal illustrated in Fig. 2. Indifferent electrode 
in vitreous humour. Amplitude of each wave measured from the pre-stimulus base 
line to the peak of the wave, and each plotted point is the average obtained by 
measuring 4-6 records. Stimulus spot was 3-0 mm in diameter, centred on the 
electrode, with a retinal illumination of 71 lm/m?*. Stimulus was 50 msec in duration 
and repeated every 5 sec. 


that whereas the a- and c-waves have amplitude maxima immediately 
adjacent to the retinal side of Bruch’s membrane, the maximum amplitude 
of the b-wave is in the external plexiform layer. 

We may now consider possibilities of error in Fig. 3 due to electrical 
summation between different components of the complex response. In 
Fig. 3 the b-wave was measured from the base line to the peak. The a-wave 
may not terminate before the peak of the b-wave, in which case the a-wave 
would affect measurements of the b-wave. The time of onset of the d.c. 
component is unknown, so it may also affect measurements of the b-wave. 
The time from beginning of the stimulus to the peak of the b-wave (the 
peak delay) decreases as the electrode approaches Bruch’s membrane 
during penetration. This appears to be because the c-wave begins before 
the peak of the b-wave, and since the c-wave increases in amplitude while 
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approaching Bruch’s membrane the peak of the b-wave is cut off earlier as 
Bruch’s membrane is approached. Hence there are possibilities that 
measurements of the b-wave are interfered with by all three of the other 
components. This problem was handled by two different approaches. 
The data in Fig. 4 were gathered with a stimulus intensity low enough 
to eliminate the a-wave (see Brown & Wiesel, 1961). The b-wave was then 
measured from the base line, and plots are shown at several intervals of time 
from the beginning of the stimulus. These intervals were chosen to ter- 
minate on the rising slope of the b-wave, and thus give depth plots of the 
b-wave which are free from any effects due to cutting off of its peak by the 
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Fig. 4. Amplitude of b-wave as a function of electrode depth, plotted for both the 
peak and for several constant time intervals after beginning of the stimulus. These 
time intervals all terminated on the rising slope of the b-wave. Indifferent electrode 
in vitreoushumour. Amplitudes were measured from the pre-stimulus base line, and 
all plotted values were averages from measurements on 3 or 4 records. Stimulus 
was a 1-5 mm spot, centred on the electrode, with a retinal illumination of 7:1 lm/ 
m*, Stimulus duration was 100 msec, and the repetition rate was one every 5 sec. 


e-wave. Peak amplitude of the b-wave is also shown. In the vicinity of 
Bruch’s membrane the curve for peak amplitude approached and coin- 
cided with that for a 25 msec interval. This is because of decreased peak 
delay of the b-wave near Bruch’s membrane. The position of the amplitude 
maximum was the same in all curves, however, and is therefore independent 
of interfering effects from the c-wave. This approach eliminates inter- 
ference from both the a- and c-waves, and since the d.c. component is small 
by comparison with the b-wave any interfering effects from this com- 
ponent should be negligible. This possibility was checked, however, by a 
second method. 

The data in Fig. 5 were obtained by a stimulus intensity so low that both 
a- and c-waves were eliminated, leaving only the b-wave and d.c. com- 
ponent (see Brown & Wiesel, 1961). The curve for the uncorrected b-wave 
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shows the amplitude of the b-wave peak from the base line. The curve for 
the d.c. component was obtained by measuring the amplitude of this com- 
ponent at its termination, when there was no longer any sign of the b-wave, 
so this curve should represent amplitude of the d.c. component with no 
interference from other components. On the extreme assumption that the 
entire magnitude of the d.c. component was represented in peak measure- 
ments of the b-wave, a corrected curve for the b-wave was then obtained 
by subtracting the magnitude of the d.c. component from the peak magni- 
tude of the b-wave. The corrected curve for the b-wave shows the position 
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Fig. 5. Amplitudes of b-wave and d.c. component as a function of electrode depth. 
The uncorrected b-wave was measured from the pre-stimulus base line to the peak 
of the wave, while the d.c. component was plotted by the magnitude of the defiexion 
at termination of the stimulus. The corrected b-wave was then plotted by subtracting 
the curve for the d.c. component from that for the uncorrected b-wave. All plotted 
points are average values from measurements on 4-6 records. Indifferent electrode 
in vitreous humour. Stimulus was a 1-0 mm spot, centred on the electrode, with a 
retinal illumination of 0-022 lm/m*. Stimulus duration was 0-8 sec, with a repetition 


rate of one every 5 sec. 


of maximum amplitude unchanged. Thus in measurements to the peak of 
the b-wave the amplitude falls off too sharply, on either side of the maxi- 
mum, to be accounted for by any contribution of the d.c. component. 
These two approaches therefore complement one another and indicate that 
the position of maximum amplitude of the b-wave has been localized with- 
out error due to other components. Figure 5 also shows that the position 
of maximum amplitude of the d.c. component is very close or identical 
to that of the b-wave. 

In Fig. 3 the a-wave measurements were made from the base line to the 
peak of the wave. It will be shown later in this paper that elimination of 
the b-wave greatly increases the amplitude of the a-wave. Hence the peak 
of the a-wave occurs where it is cut off by the b-wave, and amplitude 
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measurements to the peak of the a-wave could be affected by changes in 
amplitude of the b-wave. Figure 3 shows that amplitude of the b-wave is 
rather constant over the range where the a-wave is changing rapidly, so 
interfering effects from the b-wave should be small. This possible source of 
error was checked, however, by making amplitude-versus-depth curves for 
the a-wave at several constant time intervals terminating between the 
initial rise and peak of the a-wave. The method of plotting was similar to 
that shown in Fig. 4 for the b-wave. These curves all showed the a-wave 
decreasing steadily in amplitude as the electrode was withdrawn from the 
retinal surface of Bruch’s membrane. Thus the amplitude maximum of the 
a-wave seems to have been localized accurately without interference from 
the immediately following b-wave. The c-wave was measured from the 
base line to its peak, which occurred after termination of all other com- 
ponents (see Fig. 2). Measurements of the c-wave should therefore be free 
of distortion from other components. 

It may also be noted that positions of amplitude maxima were the same 
whether the indifferent electrode was in the vitreous humour or on the back 
of the head. The obtained positions of amplitude maxima are therefore not 
dependent upon a unique location of the indifferent electrode. This may be 
seen from Fig. 1, obtained with the indifferent electrode on the back of the 
head, since the locations of amplitude maxima in Fig. 1 agree with our 
other findings. This may be predicted from analysis of the intraretinal 
potentials (Brown & Wiesel, 1961). The two positions of the indifferent 
electrode are equivalent with respect to the local potentials. The diffuse 
e.r.g. is constant in magnitude throughout the retina when the indifferent 
electrode is on the back of the head, so it is absent from intraretinal re- 
cordings when the indifferent electrode is in the vitreous humour. Positions 
of amplitude maxima should therefore be unaffected by the diffuse e.r.g. 
in either case, and identical positions of amplitude maxima should be 
found with either location of the indifferent electrode. 

In summary, the four major components were localized by their ampli- 
tude maxima at two clearly established levels. The a- and c-waves were 
found close to the retinal surface of Bruch’s membrane, while the b-wave 
and d.c. component were just distal to the outer margin of the inner 
nuclear layer. 

The effect of local anaesthetic 

In these experiments a glass pipette for drug injections was inserted into 
the eye through the second needle, and the tip of this pipette was placed 
in the vitreous humour as close as possible to where the electrode entered 
the retina. Local anaesthetics were injected very slowly by a micrometer- 
driven syringe. The slow rate of injection was to prevent sudden changes of 
intraocular pressure, which could cause retinal movements or produce 
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effects on the |.e.r.g. due to pressure on the retina. The active electrode was 
located close to the retinal side of Bruch’s membrane; here large responses 
were recorded which were free from movement artifacts. Since contact 
with Bruch’s membrane was readily detected, this electrode position could 
also be checked periodically to eliminate the possibility of electrode move- 
ment affecting the results. Since the indifferent electrode could not be in 
the vitreous humour it was placed on the back of the head, and local 
responses were elicited by a small stimulus spot carefully focused on the 
point where the electrode entered the retina. 

Complete failure of local anaesthetic to produce an effect was never 
regarded as significant in this work, since this could result from failure of 
the anaesthetic to penetrate to the origin of the recorded potentials. When 
an effect was obtained, it was not considered significant unless reversible. 
This was to guard against results which could be due to toxic actions of the 
anaesthetic. Several local anaesthetics were tried. The effects of xylocaine 
(lignocaine B.P., lidocaine U.S.P.) were clear, reliable, and reversible. 
Cocaine did not produce any effect, even with large amounts and at high 
concentrations (0-1 ml. of a 10% solution), so it cannot have diffused to the 
origins of the potentials and was probably blocked by the internal limiting 
membrane. Procaine sometimes seemed to produce an effect; these effects 
were qualitatively like those of xylocaine but were not as clear or reliable. 
Thus effects of procaine were intermediate between those of xylocaine 
and cocaine. 

The effects of xylocaine are illustrated in Fig. 6. By the termination of 
the injection, which required 1 min, the b-wave was already greatly 
reduced. The a-wave was then more apparent. This was probably because 
the b-wave normally cuts off the recorded magnitude of the a-wave; 
depression of the b-wave by xylocaine would then allow the a-wave to be 
recorded at increased amplitude. Hence the effect of xylocaine on recorded 
magnitude of the a-wave was probably secondary to its effect upon the 
b-wave. The c-wave and d.c. component were unaffected. Maximum 
effects were obtained after about 2-5 min. At this time there was a large 
initial positive deflexion, identified by its latency as the a-wave. Then both 
the beginning and termination of the negative d.c. component were super- 
imposed upon the slow positive c-wave, with no indication of a b-wave. 
At the time of maximum effect there was no clear change in either the c- 
wave or d.c. component, by reference to the normal recording before 
beginning the injection. The lack of effect upon the d.c. component may 
be seen by observing the magnitude of this potential at its termination. 
After 6-0 min the b-wave was clearly recovering, with consequent decrease 
in recorded magnitude of the a-wave, and after 56 min recovery was almost 
complete. 


| 
| 
| 


ORIGINS OF ELECTRORETINOGRAM 267 


Interpretation of the initial part of the 2-5 min record was further 
clarified in other experiments. Figure 3 shows that the a-wave disappears 
when the electrode is withdrawn about 75 » from Bruch’s membrane. This 
change of electrode position increases both the b-wave and d.c. component. 
When maximum xylocaine effects were obtained, similar to the 2-5 min 
record in Fig. 6, the electrode was withdrawn quickly about 75 u. This 
manoeuvre abolished the initial positive deflexion, further identifying it 


Fig. 6. Selective and reversible block of the b-wave by local anaesthetic. Electrode 
was on the border of the area centralis, close to the retinal surface of Bruch’s mem- 
brane, and the indifferent electrode was on the back of the head. Then 0-01 ml. of 
a 2%, solution of xylocaine was injected slowly into the vitreous humour close to 
the point where the electrode entered the retina. The injection required | min, and 
at left-hand side is shown the time of each record in minutes after starting the in- 
jection. The maximum effect occurred after about 2-5 min, and recovery was 
essentially complete after 56 min. Stimulus was a 0-5 mim spot, centred on the 
electrode, with a retinal illumination of 71 Im/m* and repeated at 5 sec intervals. 


as the a-wave. The record then showed only the onset and termination of 
the d.c. component, superimposed upon the c-wave. The negative deflexion 
of the d.c. component at ‘on’ was equal in magnitude to the positive 
defliexion at ‘off’. Thus there was no sign that the initial negative deflexion 
contained any contribution from the b-wave, in spite of the favourable 
electrode location for recording this potential. It is therefore concluded 
that xylocaine completely abolished the b-wave, producing a secondary 
increase in the a-wave, while the c-wave and d.c. components were 
unaffected. 
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Control experiments eliminated the possibility that effects of xylocaine 
were due to increasedjintraocular pressure rather than to the drug itself. 
In these experiments normal saline, or a cocaine solution, was injected to 
simulate the effect of the xylocaine solution upon intraocular pressure. 
When injection rates and amounts were similar to those with xylocaine, 
the control injections had no effect. 

Local anaesthetics in low concentration abolish impulse activity but not 
graded slow potentials such as receptor potentials (see Gray, 1959). Since 
the effect in this study was selective for the b-wave, it seems almost certain 
that the result of eliminating impulse activity was observed without the 
more drastic abolition of receptor potentials. Elimination of the b-wave 
by xylocaine therefore agrees with other evidence that the b-wave is 
generated some distance back in the retina; it alsoindicates that the b-wave 
is dependent upon conducted impulses. Since the only structures which are 
clearly distal to the origin of the b-wave are the receptors themselves, this 
observation likewise indicates that conduction through receptor fibres is 
by nerve impulses, Failure of xylocaine to affect the d.c. component pro- 
bably means that although this response occurs at the same retinal level 
as the b-wave, it isdependent only upon electrotonically conducted activity. 
Failure of xylocaine to decrease either the a- or c-wave agrees with other 
evidence in this paper on the origins of these components. 


Intracellular recording 


Certain recordings were obtained which appeared to be intracellular 
potentials from cells which generate components of the l.e.r.g. When the 
electrode was very close to the retinal surface of Bruch’s membrane, a 
negative d.c. shift of 40-60 mV sometimes occurred which was not corre- 
lated with the usual signs of penetrating Bruch’s membrane. After such 
ad.c. shift a light response was recorded, with time course identical to that 
of the c-wave, but it was negative in polarity and had a peak magnitude 
of 20-30 mV; thus it was opposite in polarity and much larger than the 
extracellular c-wave. Such recordings were extremely rare and usually 
lasted only a few seconds, after which the negative d.c. potential disap- 
peared and recordings typical of the retinal side of Bruch’s membrane 
reappeared. Hence they seemed to be fragmentary intracellular records, 
and although satisfactory photographs were not obtained the observations 
were quite clear. Since the time course of the c-wave is unique among 
retinal potentials, and since the time course of the intracellular response 
was identical to that of the c-wave, it seems very likely that these were 
intracellular responses from cells which generate the c-wave. It also seems 
significant that these intracellular responses were obtained at the same 
retinal level where the c-wave had maximum amplitude. 
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Since these recordings were near the retinal side of Bruch’s membrane, 
the only structures from which they may have been obtained are the pig- 
ment epithelium cells or outer receptor segments. It is very unlikely that 
outer receptor segments were ever penetrated, since they are so small. 
Also, the electrode was oriented along the long axis of the outer segments, 
which are relatively free to move when contacted by an electrode. The 
pigment cells of the cat retina are roughly rectangular in cross-section, 
with a thickness of about 5 u and a width of about 8 uw. Since they present 
better targets than the outer receptor segments and are attached to 
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Fig. 7. Intra- and extracellular recordings of slow retinal potentials. Electrode in 
area centralis at depth of outer plexiform layer. Record A is an intracellular record 
from a single unit which responded to light with slow potentials but no impulse 
activity. Astable membrane potential of 50 mV was maintained during about 30 min 
of intracellular recording. Record B was then made just after the membrane poten- 
tial suddenly disappeared. Thus the intracellular single unit response and the L.e.r.g. 
at the same retinal level may be compared. Record B undoubtedly contains some 
contamination from the diffuse e.r.g., since the indifferent electrode was on the back 
of the head, but such effects were negligible for purposes of comparing the local 
b-wave and local d.c. component with the intracellular record. Stimulus was a 3-0 
mim spot, centred on the electrode, with a retinal illumination of 71 lm/m*. Stimulus 
was repeated every 10 sec and was superimposed on a background illuminated area 
with a diameter of 4-0 mm and a retinal illumination of 2-19 lm/m*. 


Bruch’s membrane, they should be much easier to penetrate. These cells 
are still small for intracellular recording, however, and the rarity and 
brevity of the recordings probably reflect that fact. It therefore seems 
likely that these intracellular recordings of the c-wave were obtained from 
the pigment epithelium. 

Intracellular recordings have also been obtained just distal to the inner 
nuclear layer (Brown & Wiesel, 1958, 1959). These single units respond to 
light with slow potentials but never with impulse activity. Figure 7 shows 
an intracellular response from such a unit and also the lL.e.r.g. recorded 
near the unit. It is suggested that this type of intracellular response is 
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from the single units in the cat which generate both the b-wave and d.c. 
component. The intracellular response exhibits what appear to be both 
rapid and d.c. components, and the time courses of the two intracellular 
responses are quite comparable to those of the local b-wave and d.c. com- 
ponent, respectively. Also the b-wave and d.c. component are localized 
by their amplitude maxima at the same retinal level, which is identical to 
that at which the type of intracellular response shown in Fig. 7 is found. 
It will be noted that although the intracellular response in Fig. 7 is much 
larger than the L.e.r.g., the polarities of the two responses are identical. 
Failure of the intracellular response to invert polarity could be a serious 
objection to our hypothesis, but a possible explanation of this result will 
be discussed later in this paper. 


DISCUSSION 
Present status of evidence locating origins of major e.r.g. components 


The main types of evidence concerning location of the origin of each com- 
ponent will now be critically considered. Evidence obtained by others with 
micro-electrodes has been primarily from the frog retina, and it will be 
assumed that the frog and cat are alike with respect to the origin of any 
given component. This assumption seems reasonable and there is no evi- 
dence to the contrary. On this assumption it has proved possible to resolve 
existing conflicts of evidence. 

The c-wave. In our work the e-wave had maximum amplitude adjacent 
to the retinal side of Bruch’s membrane and was unaffected by local 
anaesthetic; also intracellular recordings of the c-wave seemed to be 
obtained from the pigment epithelium. Hence our evidence points to the 
pigment epithelium as the origin of this component. This conclusion has 
also been drawn by Noell (1954) who showed selective abolition of the c- 
wave in rabbits when the pigment epithelium was damaged by sodium 
iodate poisoning, and by Yamashita (1959), who showed that the c-wave 
is selectively eliminated when the toad retina is removed from the pigment 
epithelium. Tomita (1950) found the c-wave ‘very small or missing’ in the 
isolated retina and allocated it to the receptor layer, but now considers his 
evidence to agree with an origin of the c-wave in the pigment epithelium 
(Tomita, 1959). Thus there is good agreement on the origin of this 
component. 

Intracellular organelles which have structural similarities to light- 
sensitive organs have been described by electron microscopy in retinal 
pigment cells of the frog (Porter, 1955-56) and bat (Yamada, 1958). 
J. E. Dowling and I. R. Gibbons (personal communication) find similar 
organelles in pigment cells of the rat retina and have observed that they 
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degenerate, like rod outer segments, when the animal is maintained on 
vitamin A acid. The light-sensitivity of the pigment cell may therefore 
depend upon these intracellular structures. The c-wave has not been re- 
corded from isolated pigment cells, however, so the light response of these 
cells may require contact with the receptor outer segments. 

The a-wave. The local a-wave in this work had maximum amplitude at 
the same retinal level as the c-wave and was likewise undiminished by 
local anaesthetic. The a-wave cannot originate from the pigment cells, 
however, because it can be recorded from an isolated retina (Ottoson & 
Svaetichin, 1953; Brindley, 1956; Tomita & Torihama, 1956; Yamashita, 
1959). Thus the outer segments of receptors appear the most likely origin 
of the a-wave; this view is supported by a number of other observations. 
It seems particularly significant that in mouse and rat retinas, where the 
receptor layer is intact, but where development of the ganglionic and inner 
nuclear layers has been impaired by administration of sodium glutamate, 
the a-wave is normal but the b-wave is entirely absent (A. M. Potts, 
personal communication). This finding is consistent with other evidence 
assigning the b-wave to the region of the inner nuclear layer and strongly 
favours an origin of the a-wave distal to the inner nuclear layer. The 
a-wave has the shortest latency of any electrical response of the vertebrate 
retina, and in this study a-wave latencies as short as 3-5 msec were found 
reliably. This also suggests that the a-wave results from electrical activity 
at a more distal level than the b-wave. 

The b-wave can be reduced independently of the a-wave by several 
methods (Granit, 1933; Noell, 1954), and the effect of xylocaine in this 
study was especially selective. On the other hand, there is no clear 
evidence that the a-wave can be reduced without affecting the b-wave. 
The earlier disappearance of the a-wave as stimulus intensity is reduced 
(Brown & Wiesel, 1961) may be expected since the a-wave is so much 
smaller than the b-wave. As the a-wave is reduced in amplitude there is 
a corresponding reduction of the b-wave, and when the a-wave is no longer 
recorded this probably does not mean it is no longer generated. 

Alcohol reduces the recorded magnitude of the a-wave, increases the 
b-wave, and eliminates the slow negative potential which may be recorded 
from the frog retina with conventional leads (Bernhard & Skoglund, 1941). 
This decrease of the recorded a-wave has been interpreted as due to 
elimination of the slow negative potential, which has been assumed to give 
rise to the a-wave. An alternative possibility is that the size of the a-wave 
which is generated is unchanged by alcohol, but that the recorded magni- 
tude of the a-wave is reduced because of the effect of alcohol upon the 
b-wave. Since elimination of the b-wave by xylocaine produces a secondary 
increase in the recorded a-wave, an increase of the b-wave by alcohol would 
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reduce the observed magnitude of the a-wave. Interpretation of the effect 
of alcohol on the a-wave is therefore equivocal. Hence the b-wave can 
vary independently of the a-wave, but there is no clear evidence that the 
a-wave can vary without affecting the b-wave. This suggests that the 
b-wave occurs proximally to the a-wave and is dependent upon the 
electrical activity which has been designated the a-wave. 

The effects of local anaesthetic upon the e.r.g. of the frog retina have 
varied to some extent. Ottoson & Svaetichin (1953) noted that cocaine 
diminished the b-wave and enhanced the a-wave. Since no components 
were completely abolished, however, they interpreted both the a- and 
b-waves to originate from receptors. Their differential effects agree with 
ours, and since the b-wave was abolished in this work it seems likely that 
their anaesthetic did not diffuse in sufficient quantity to the site of origin 
of the b-wave. On the other hand, the records of Tomita et al. (1960) show 
that cocaine eliminated the local b-wave within 30 sec and after 2 min the 
local a-wave was also abolished. This finding is consistent with the view 
of Tomita (1959) that the a- and b-waves both originate in the inner 
nuclear layer. It has been shown in a variety of receptors, however, that 
local anaesthetics which block nerve impulses will also reduce receptor 
potentials later if the concentration is sufficiently great (see Gray, 1959). 
It seems quite likely, therefore, that the later elimination of the a-wave 
was due to the delayed effect upon receptor potentials, Since elimination 
of the entire response cannot be interpreted in terms of origins of the 
various components, the important information in this case is probably 
the time sequence, which agrees with our findings. Since the effect of 
xylocaine in this study was selective for the b-wave, it appears almost 
certain that it was due only to blocking of nerve impulses. More drastic 
effects upon receptor potentials should have abolished the a-wave in any 
case. Hence the b-wave appears to depend upon conducted impulses, 
whereas the other components, including the a-wave, do not. 

Tomita & Torihama (1956) find that the a-wave changes its amplitude 
most rapidly in the inner nuclear layer. In their work the focal potentials 
were deliberately minimized by ageing the preparation, so they recorded 
only the diffusely produced intraretinal e.r.g. It has been shown that the 
intraretinal e.r.g. is due to electrical activity generated in retinal areas at 
considerable distance from the electrode (Brown & Wiesel, 1961). This 
means that an electrode penetrating the retina does not pass the origin of 
current for the diffuse e.r.g. It merely passes along lines of radial current 
flow produced by origins of current flow which are remote from the elec- 
trode. This conclusion has also been made recently for the frog (Tomita 
et al. 1960). Under these conditions the radial current flow should be 
uniform through the various layers of the retina. Hence an active electrode 
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penetrating the retina should record any given component at constant- 
voltage amplitude unless the inter-electrode resistance varies with depth 
of the active electrode. The shape of this voltage-versus-depth curve is 
therefore determined entirely by the passive electrical resistance of the 
tissue and can have no significance for locating the depth at which a given 
component is generated. In the intact retina of either the cat (Brown & 
Wiesel, 1961) or frog (Tomita et al. 1960) the electrical resistance of Bruch’s 
membrane appears to be so great in relation to that of the retina that 
changes in magnitude of the intraretinal e.r.g. through the retina are either 
negligible (cat) or small (frog). In the isolated retina, however, surface 
electrodes will record the voltage drop only across the electrical resistance 
of the retina itself; the voltage-versus-depth curve should then reflect 
faithfully the resistance of various layers of the retina, and by differentia- 
tion it should give the tissue-resistance-versus-depth curve. Byzov (1959) 
finds that most of the electrical resistance of the retina is in its central 
layers. The intraretinal e.r.g. should therefore change most rapidly in the 
region of the inner nuclear layer. With an indifferent electrode upon the 
internal limiting membrane, Tomita & Torihama found that the a-wave 
appeared at the inner nuclear layer, increased rapidly in amplitude while 
passing through that layer, and showed no further increase during pene- 
tration of the receptor layer. During penetration from the receptor side, 
with the indifferent electrode on the receptor surface, no a-wave was re- 
corded until the active electrode reached the inner nuclear layer. Then the 
a-wave increased rapidly to a maximum while penetrating that layer, and 
thereafter remained constant. Polarity of the a-wave was appropriately 
reversed for the two positions of the indifferent electrode. These findings 
are therefore explicable in terms of Byzov's data on electrical resistance 
of the various layers of the retina. Since the reasoning developed here does 
not apply selectively to the a-wave, it may be predicted that in the isolated 
retina all components which are generated within the retina would change 
amplitude most rapidly in the region of the inner nuclear layer. Of course 
this applies only to the diffuse response. Tomita & Torihama found that 
changes in magnitude of the a-, b- and d-waves went closely in parallel 
during retinal penetration in either direction ; thus the prediction has been 
confirmed. These findings have been interpreted by Tomita & Torihama 
to indicate that these components all originate in the inner nuclear 
layer. 

In summary, many lines of evidence point clearly to an origin of the 
a-wave in the outer segments of receptors. Types of evidence which have 
been differently interpreted may be resolved with this concept on the basis 
of considerations which seem quite reasonable in light of recent findings. 


The b-wave and d.c. component. Whereas we have located the b-wave 
18-2 
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slightly distal to the inner nuclear layer, Tomita & Torihama (1956) and 
Tomita (1959) have located it in the inner nuclear layer. This difference is 
undoubtedly related to the different methods employed for locating the 
origin of the b-wave. We have used as criterion the position of maximum 
voltage of the local response, which agrees with our intracellular evidence. 
Tomita & Torihama have used the depth of most rapid voltage change of 
the diffuse response in the isolated retina. Several types of evidence, already 
mentioned in connexion with the a-wave, indicate that the b-wave is 
generated more proximally than the a-wave. Hence there is agreement 
that the b-wave is generated at some rather proximal level of the retina, 
but agreement has not been reached on its exact origin. 

We have advanced the hypothesis that the b-wave and d.c. component 
of the cat are both generated by the cells which respond to light only with 
slow potentials. Since intracellular responses from these single units have 
the same polarity as the extracellular b-wave and d.c. component, our 
hypothesis cannot be upheld unless the failure of the intracellular response 
to invert polarity can be explained. This seems part of the more general 
problem that in the cat retina single units of this type can be detected with 
both extra- and intracellular leads, but the polarity of the single-unit 
response to light is the same in both cases. When a membrane potential is 
recorded, the light response is simply larger in magnitude than the extra- 
cellular single-unit response (Brown & Wiesel, 1958, 1959). Tasaki (1960) 
has shown that in fish the size of the membrane potential is not correlated 
with size of the light response and that electrical current through the 
electrode does not modify size of the light response. The latter finding has 
also been made in fish by Watanabe, Tosaka & Yokota (1960). These find- 
ings can all be explained on the basis of a general hypothesis which seems 
to have been considered by both Tasaki (1960) and Watanabe et al. (1960). 
It is assumed that the membrane which is penetrated supports a mem- 
brane potential but does not respond to light. The structure which re- 
sponds to light is assumed to be internal to this membrane. Penetration 
of the outer membrane would give a membrane potential, but the electrode 
would still be external to the structure giving the light response. The light 
response would therefore be of the same polarity with both extra- and 
intracellular leads, but the intracellular lead would record it at larger 
magnitude because of the more favourable recording condition. Since the 
membrane supporting the membrane potential is different from that giving 
the light response, no correlation between size of the membrane potential 
and light response is expected; alteration of the membrane potential by 
electrical current also would not affect the light response. Since this 
general hypothesis can account for all major evidence on this subject, it 
seems to merit further investigation. In any case it shows that the similar 
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polarity of the |.e.r.g. and intracellular response does not preclude the view 
that the b-wave and d.c. component both originate from the single units 
which respond to light only with slow potentials. This general hypothesis 
could be developed in more detail in several ways. One possibility is that 
the light response is due to an intracellular organelle. 

The positive d.c. component of the cat e.r.g. has not been clearly isolated 
in cold-blooded vertebrate retinas, so comparative evidence on localiza- 
tion of this component is not available. On the other hand, the d-wave has 
been found in the cat retina only in the light-adapted state (Brown & 
Wiesel, 1961); it is very small by comparison with that of cold-blooded 
vertebrates and its origin in the cat retina has not been investigated. 
Considerations in this paper concerning criteria for localizing components 
indicate, however, that the origin of the d-wave requires further study. 


Technical problems in locating origins of ¢.r.g. components 
by micro-electrodes 


Tomita (1959) has considered disagreements in localizing origins of 
e.r.g. components due to difficulties in locating the electrode tip. The 
locations of all amplitude maxima in this work have been confirmed by an 
electrode marking method (Brown & Tasaki, 1961). The methods of 
electrode location employed by Tomita’s group have likewise proved 
accurate, so this factor is probably not critical. 

A more crucial problem now is selection of criteria, Although many 
have felt that intraretinal electrodes would yield information on origins of 
the e.r.g., there has been no agreement on how an intraretinal lead should 
be used for this purpose. This problem has been complicated by the view, 
which prevailed until recently, that the e.r.g. and Le.r.g. of the frog were 
basically different potentials (Tomita & Torihama, 1956; Brindley, 1956). 
The fundamental identity of these is now recognized in both cat (Brown & 
Wiesel, 1957, 1958, 1961) and frog (Tomita et a/. 1960). It also seems clear 
that intraretinal recording of the e.r.g. itself gives little or no information 
for locating the origins of components. From this point of view the ampli- 
tude-versus-depth curves of both Ottoson & Svaetichin (1953) and Tomita 
& Torihama (1956) are probably not significant for localizing components. 
On the other hand, intraretinal recording of the Le.r.g. seems to give 
critical information which may be applied equally well to locating origins 
of the e.r.g. (Brown & Wiesel, 1961). The problem is therefore reduced to 
the question of what criteria should be applied for locating the origins of 
components of the Le.r.g. 

In the case of the local response the penetrating electrode passes directly 
through the portion of the retina which generates the response. Thus the 
electrode passes through the origin of the recorded response. The radial 


| 


276 K.T. BROWN AND T.N. WIESEL 


current flow of the local response should not be constant for all levels of 
the retina and should be maximum at the origin of this current. What 
seems desired, therefore, is determination of the retinal level of maximum 
current flow. Since the radial voltage drop between any two points is 
determined by both current flow and tissue resistance between these two 
points, measurements of voltage alone assume uniform resistance of all 
layers of the retina. It has now been shown in the frog that this is not the 
case (Byzov, 1959). This possibility was considered and guarded against in 
this work by the choice of criterion. Since the local potential shows no 
inversion of polarity at its origin, current must flow from both directions 
to the origin or in both directions away from the origin. Under these 
conditions a maximum negative or positive potential should be recorded 
at the origin, declining in magnitude on either side. A high local tissue 
resistance could give a deceptively large slope at any given point on either 
side of the maximum but would not seem to displace the position of 
maximum voltage. This is why the criterion of maximum voltage was used. 
It seems significant that this criterion gives results which agree with intra- 
cellular recording, while the maximum slope criterion would not have 
yielded such consistency of results. It might also be mentioned that if the 
maximum slope criterion were applied rigorously the origins of all com- 
ponents in this work would have been assigned to Bruch’s membrane; this 
would clearly be an error resulting from the high resistance of that mem- 
brane. Hence the position of maximum voltage probably indicates 
accurately the origin, in the centre of the region of maximum radial 
current flow, independently of considerations of tissue resistance. The 
technique of Byzov (1959) of combining voltage and tissue-resistance 
measurements in the frog retina to determine patterns of radial current 
flow appears very promising. Results obtained thus far by this method 
are difficult to interpret, because local responses have not been studied in 
isolation from the diffuse e.r.g.; there are also problems of electrode 
location, since Byzov identifies the ‘R membrane’ with the external 
limiting membrane. Refinement of this technique, however, would seem 
quite fruitful. 

Tomita et al. (1960) stress the criterion of polarity inversion during 
penetration. This criterion is based on the assumption that the origin of 
the e.r.g. is an electrical dipole, analogous to a battery, oriented perpen- 
dicular to the retinal surface. In the cat it is clear, particularly in the case 
of the b-wave, that the polarity inversion which does occur is due only to 
the different polarities of the diffuse and local responses recorded by an 
intraretinal lead. The positive diffuse b-wave is constant in magnitude 
throughout the retina, while the negative local b-wave increases from zero 
at the internal limiting membrane to considerable size at the outer margin 
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of the inner nuclear layer. The summed record is therefore positive in 
surface layers of the retina and becomes negative during penetration, and 
the position of this polarity inversion only indicates the retinal level where 
the local negative b-wave becomes large enough to mask the diffuse 
positive one by electrical summation (Brown & Wiesel, 1961). It appears 
that the only polarity inversion of significance would be an inversion of 
the local potential during penetration, as demanded by the concept that 
the origin is a radially oriented dipole, It is also clear that in the cat, 
particularly in the case of the b-wave, the local potential does not invert 
polarity during penetration. Thus the assumption underlying the criterion 
of polarity inversion appears to be invalid, and the concept of a radially 
oriented dipole seems to be untenable. These considerations hold equally 
well for the other three major components of the dark-adapted cat retina. 
Our preliminary interpretation that the local c-wave inverts polarity 
during penetration of Bruch’s membrane has proved incorrect (Brown 
& Wiesel, 1961). There is no evidence that local potentials of the frog 
retina invert polarity during penetration, and results with micro-illumina- 
tion by both Brindley (1956) and Tomita & Torihama (1956) indicate that 
the frog and cat are alike in this respect. 


The nature of the origin of an e.r.g. component 

On the basis of present evidence it seems unlikely that e.r.g. com- 
ponents are generated by radially oriented dipoles. An alternate suggestion 
is that the origin of the b-wave, for example, is a sink of current at a given 
level of the retina. This sink of current may be considered to be due to 
depolarization at an active site on a cell membrane, which draws extra- 
cellular current from both deeper and shallower layers of the retina. 
According to this hypothesis an electrode passing through the retina would 
record a negative voltage which would increase to a maximum at the sink 
of current and then decline. This assumption can therefore explain failure 
of the local b-wave to invert polarity as its origin is passed. The origin of 
the b-wave maintains a constant position and is not propagated radially 
through the retina. This is illustrated by Fig. 4, which shows amplitude of 
the b-wave as a function of retinal depth for various times after onset of 
the stimulus. If the origin of the b-wave were propagated radially, the 
peaks of the curves for different time values should be found at different 
retinal depths. Since the curves for all time values have peaks at the same 
retinal depth, the origin of the b-wave is clearly fixed. Similar evidence has 
been obtained that origins of the a- and c-waves occupy fixed positions. 
Byzov (1959) also found that the patterns of radial current flow in the frog 
retina did not move with respect to time. Thus the possibility is suggested 
that all components are due to restricted and fixed sites on cell membranes 
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at which depolarizations or hyperpolarizations produce sinks or sources of 
extracellular current flow. 

Although the concept of a radially oriented dipole is adequate as a theo- 
retical origin for current of the intraretinal diffuse e.r.g., generated by 
retinal areas distant from the electrode, it seems unable to account for the 
pattern of radial current flow associated with the l.e.r.g. The concept of a 
current source or sink accounts more adequately for findings on the local 
response, but it is not clear how this type of origin gives rise to the current 
of the diffuse response. Although many aspects of the relation between 
the Le.r.g. and e.r.g. now seem explicable (Brown & Wiesel, 1961), this 
remaining problem is crucial. A formal theoretical treatment of the retinal 
circuits will not be attempted until this problem is solved. 


SUMMARY 


1. The four major components of the dark-adapted cat e.r.g. are the a-, 
b-, and c-waves plus a d.c. component. The local e.r.g. (l.e.r.g.) recorded by 
an intraretinal lead also exhibits these components and was used exclu- 
sively in the present work. Three techniques were used to determine the 
origins of components, and good agreement was obtained between results. 


2. The amplitude of each component was plotted as a function of 
electrode depth. The a- and c-waves had maximum amplitudes immedi- 
ately adjacent to the retinal side of Bruch’s membrane, while the b-wave 
and d.c. component had amplitude maxima slightly distal (choroidal) to 
the outer margin of the inner nuclear layer. Thus the four major com- 
ponents appear to be generated at two distinctly different retinal levels. 

3. Xylocaine (lignocaine) abolished the b-wave completely, selectively, 
and reversibly. The b-wave therefore depends upon conducted impulses. 
Since the only structures clearly distal to the origin of the b-wave are 
the receptors, this also indicates that receptor fibres conduct impulses. 
Although the d.c. component seems to originate at the same retinal level 
as the b-wave, it was unaffected by xylocaine and appears to depend only 
upon electrotonically conducted activity. Failure of xylocaine to reduce 
the a- or c-wave agrees with other evidence on the origins of these 
components. 

4. Rare intracellular recordings were obtained very close to the retinal 
side of Bruch’s membrane and were believed to be derived from single cells 
of the pigment epithelium. These records showed light responses with time 
course identical to that of the c-wave, but opposite in polarity and much 
larger in magnitude. Hence they appeared to be intracellular records from 
the cells which produce the c-wave. 

5. Intracellular records were also obtained from single cells just distal 
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to the inner nuclear layer which responded to light only with slow potentials. 
The response contained both a rapid and a d.c. phase, and the time courses 
of these appeared identical with the b-wave and d.c. component, respec- 
tively, of the l.e.r.g. Since these intracellular records were at the same 
retinal level where the b-wave and d.c. components were maximum in 
amplitude, it is suggested that the b-wave and d.c. component are both 
generated by these cells. 

6. The findings of this paper, in conjunction with several other lines of 
evidence, point to an origin of the a-wave in the outer segments of receptors. 
Types of evidence which have been differently interpreted may be resolved 
with this concept by considerations which seem reasonable in light of recent 
findings. 

7. The problem of criteria for locating origins of e.r.g. components by 
means of amplitude-versus-depth curves is discussed. The maximum 
amplitude of the local response appears highly significant, whereas other 
proposed criteria do not. 

8. The nature of the origin of an e.r.g. component is considered. The 
concept of a radially oriented dipole appears untenable, and the concept 
of a sink or source of extracellular current flow at a restricted and fixed 
site on a cell membrane is suggested. 


The experiments of this work were conducted in the Neurophysiology Laboratory of the 
Wilmer Institute, Johns Hopkins Medical School, Baltimore 5, Maryland. This work was 
supported by research grants from the National Institute of Neurological Diseases and 
Blindness, United States Public Health Service. 
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One of the greatest advantages of an intraretinal electrode is the possi- 
bility of identifying a given type of electrical activity with a given retinal 
layer or type of cell; this advantage cannot be realized, however, unless the 
electrode can be localized accurately within the retina. Thus localization 
of the electrode tip has been a persistent problem since electrodes became 
available which were small enough for intraretinal work. 

The earliest method of electrode location was measurement of electrode 
advancement beyond the vitreal or choroidal surface of the retina. 
Although refinements have improved this technique (Tomita & Torihama, 
1956; Brown & Wiesel, 1959), the method at best seems unreliable because 
of inability to control the angle of the electrode path after it has entered 
the retina. Thus a number of authors have introduced staining material 
into the retina from the electrode tip and recovered the stain spots in 
histological sections (MacNichol & Svaetichin, 1958; Mitarai, 1958, 1960; 
Oikawa, Ogawa & Motokawa, 1959; Tomita, Murakami, Sato & Hashi- 
moto, 1959; Gouras, 1960). Although electrode staining methods can be 
very accurate, they have two fundamental disadvantages. First, the 
electrode position is not known until after the experiment is completed and 
the animal has been killed. For many purposes it is important to know the 
electrode position at the time of the electrical recording. Secondly, these 
methods are inconvenient because they require considerable time, equip- 
ment and specialized skill to obtain definitive results. 

Physiological methods of electrode localization, developed by Brown & 
Wiesel (1959) in the retina of the intact cat eye, overcome both these 
disadvantages of electrode staining methods. Although the term ‘ physio- 
logical methods’ is not precise, it is used to designate a general technique 
which uses many kinds of information, much of which is physiological in 
nature. These physiological methods appear to be very accurate and have 
been used to localize many types of electrical activity within the retina 


* Present address: Department of Physiology, Tohoku University School of Medicine, 
Sendai, Japan. 


282 K.T. BROWN AND K. TASAKI 


(Brown & Wiesel, 1959, 1961 a, 6). Thus it was desired to check the most 
important of these localizations by an electrode staining procedure. 
Results indicate the degree of accuracy of both the specific localizations 
and the physiological methods which produced them. 


METHODS 


Material. Fifty-two cats were used, including those for developing the electrode marking 
technique. In most cases only the left eye was used, but in some animals experiments were 
done on both eyes. General methods for using intraretinal electrodes in the intact cat eye 
were those described by Brown & Wiesel (1959). Light stimuli were provided by a glow tube 
(Sylvania R1131C) mounted directly over the eye to give diffuse illumination of the retina. 
This glow tube was controlled by an electronic timing device so that square light pulses of 
variable duration and frequency of repetition could be produced. 

Electrodes. Micro-electrodes were made from stainless-steel wire by the basic methods of 
Green (1958). Following a suggestion by Green, the solution for electro-polishing the tip was 
a 1:1 mixture of concentrated HCl and 3m-KCl, instead of HCI alone, as in the published 
method. Tip diameter of the finished electrode was less than | yu, and behind the tip the 
diameter increased at the rate of about 10-15 y/100 » length. Electrodes were insulated by 
dipping the tips about 2 cm into slightly thickened Insl-X (type E-33 clear, obtained from 
Insl-X Co., Ossining, N. Y.). They were then pulled out quickly, inverted, and allowed to 
dry overnight at room temperature. Coatings were tested by immersing in a NaCl solution 
0-9 g/100 ml. and applying a negative voltage to the electrode tip. This voltage was in- 
creased gradually until a small bubble could be seen at the tip by microscope observation. 
The minimum voltage for producing this bubble ranged from 2-5 to 4-0 V, and electrodes 
were discarded if bubbles were formed at sites behind the tip. Electrodes were further 
selected by discarding those which produced bubbles behind the tip while graduaily in- 
creasing the voltage another 1-0 V. Selected electrodes were then treated by prolonged 
passage of sufficient current to produce bubbling. This procedure markedly lowered the 
electrode resistance and increased the d.c. stability, which was quite adequate for d.c. 
recording of the electroretinogram (e.r.g.). 

Location of the micro-electrode in the retina was controlled by the previously described 
two-channel version of a hydraulic electrode advancer. The stainless-steel electrode was 
adapted to this device by sealing its shaft into a glass capillary. This capillary closely fitted 
the steel needle entering the fundus; thus leakage of fluid from the fundus was minimized 
and intraocular pressure was maintained near normal. The indifferent electrode was a spiral 
of Ag-AgCl wire placed in saline-soaked cotton in the animal's mouth. A negative capaci- 
tance pre-amplifier was employed, of the type designed by MacNichol & Wagner (1954). 
The current from this was fed directly to an audio amplifying system and to one beam of a 
dual-beam oscilloscope. The other beam recorded stimulus duration. 

Electrode position marking. Electrode positions were marked at which various types of 
electrical activity were recorded. In any given eye the electrode position was marked for 
only one type of electrical response. This avoided difficulty in identifying the stain spot with 
the type of electrical activity recorded at that point. In most eyes 3-10 stain spots were 
made. All these were placed near, and on one side of, the optic disk. This location served 
two purposes. First, histological sections without retinal detachment were most readily 
obtained near the optic disk. Secondly, the optic disk was used as a landmark to reduce the 
number of histological sections required for recovering the spots. The orientation of the stain 
spots with respect to the optic disk was marked on the eye, and in sectioning the eye the 
optic disk was approached from the side opposite the stain spots; when the optic disk 
appeared in the sections, 50-100 sections were then saved beyond it to recover the stain 
spots. The retinal location of the electrode was controlled by observing directly with a hand 
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ophthalmoscope, and the large blood vessels near the optic disk were avoided. The pattern 
of spots in each eye was recorded, and it was usually possible to identify a given electrical 
recording with the accompanying stain spot. 

The method of electrode position marking was a modification of that described by Green 
(1958). Since the mark illustrated by Green in the brain was rather gross (about 200 4), the 
spot size had to be greatly reduced for retinal work. When the desired electrical response was 
obtained, the electrode was disconnected from the amplifier and then connected in series 
with a 44 MQ resistor to the anode of the d.c. output of a Grass 8-4 stimulator. Then a 
relatively constant current of about 0-2 »A was passed for 5-10 sec and monitored by a 
Kintel microammeter. Thus iron ions were electrolytically deposited into the tissue from the 
electrode tip, and the short duration of current flow minimized the danger of electrode move- 
ment during the marking procedure. Since the electrode tip was deposited in the tissue, a 
given electrode could be used only once. After withdrawal the electrode was examined to 
ensure that current flow had occurred through the tip. In successful cases the metal tip was 
clearly gone, leaving a short sleeve of empty insulation material; when this result was not 
obtained the current must have passed through a break in the insulation, and rare results 
of this type were discarded. 

When all deposits were completed in a given eye, which usually required only 0-5-1-5 hr, 
20 ml. of formol saline containing 3%, ferri-cyanide and 3% ferrocyanide was perfused 
slowly through the eye. Stock formalin was kept neutralized by storage with an excess of 
MgCO,, and the solution for injection was prepared just before it was used. This solution was 
injected by withdrawing the electrode and inserting a glass injecting pipette through the 
electrode channel into the fundus. At this time a second needle was also inserted at the 
limbus to provide a channel for fluid outflow. This injection procedure assured that fixation 
of the tissue began quickly. Perhaps of greater importance was the assurance that the 
ferricyanide and ferrocyariide reached the iron before it could diffuse appreciably. This 
relatively rapid binding of the iron is probably important in obtaining small stain spots; 
those resulting from our method were usually dense and sharply delimited, with diameters 
as small as about 10 yw. Since the cat retina is only about 240 yu thick near the optic disk, 
electrode marks had to be small and well defined to give accurate localization. 

Histotechnique. Most investigators have found it difficult to prepare seriai histological 
sections which consistently give good preservation of all layers of the retina without detach- 
ment of the retina from the choroid. Although several authors have now obtained good 
results, none of the reported methods met our requirements. The highly successful techniques 
of freeze substitution and freeze drying, used by Feder & Sidman (1958) and Eichner (1958) 
respectively, have two limitations. These methods have not proved adaptable to the whole 
retina of a relatively large mammalian eye, and the time required between killing the animal 
and completing histological sections is rather long. The latter limitation is critical for 
experimental work, such as electrode marking, where the results of one experiment are 
required in order to plan the next one. The method of double embedding in celloidin and 
paraffin, as practised by Chow, Riesen & Newell (1957), was likewise too time-consuming. 
The rapid hot celloidin method of Walls (1932) seemed promising but did not yield good 
results in our hands. Diicker (1959) and Wislocki & Sidman (1954) have reported good 
results from the cat and monkey, respectively, using standard fixatives and paraffin embed- 
ding. The methods were not reported in detail, however, and no claims were made for con- 

istency of results. The criterion of consistency is especially important for electrode staining, 
since the sections containing the electrode marks are the only important ones and no selection 
of sections is possible on the basis of histological qualities. 

Histological procedures were therefore developed to meet the requirements of our work. 
This was done by modifying standard methods of fixation and paraffin embedding, attempting 
to adapt procedures at each step to the specific characteristics of retinal tissue. The methods 
developed gave minimal shrinkage, and retinal detachment could be avoided even in the 
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region of the tapetum lucidum, where it occurs very readily. The technique is relatively 
rapid, since sections could be completed within 10 days, and the consistency of results was 
quite satisfactory. The histotechnique will therefore be given in detail. 

Immediately after removal the eye was fixed in 150 ml. of Kolmer’s fluid (see Walls, 1938) 
containing 2%, ferricyanide. After 12 hr in this mixture the eye was fixed for another 12 hr 
in straight Kolmer’s fluid. The tissue was next washed in running water overnight and 
dehydration was started with 30% alcohol. The following schedule was finally adopted and 
proved satisfactory; all fluid volumes were 100 ml. 


Day 1(9hr) 30% alcohol (4 changes); 

Overnight 40% alcohol; 

Day 2(9hr) 50% alcohol (4 changes); 

Overnight 70%, alcohol; 

Day 3(9hr) 80% alcohol (4 changes); 

Overnight 95%, aleohol; 

Day 4(9hr) 100% alcohol (5 changes); 

Overnight 100 % alcohol; 

Day 5(9hr) Morning: open eye carefully by removing cornea with sharp razor blade. 
Remove lens and vitreous humour. Return to 100% alcohol (2 changes 
of 2 hr each). 

Afternoon: 100%, alcohol and natural oil of bergamot, 1:1. 

Overnight Oil of bergamot; 

Day 6(10hr) Fresh oil of bergamot | hr at 37° C; 

Toluene (2 changes) 15 min each at room temp.; 

Toluene and paraffin, 1:1 (paraffin m.p. 43-45° C) 30-40 min at 37° 
Paraffin, Bioloid, m.p. 43-45° C, 1 hr at 45° C; 

Paraffin, Bioloid, m.p. 50—52° C, 2 hr at 52° C; 

Paraffin, Bioloid, m.p. 56—58° C (2 changes), 2 hr each at 58° C. 

Overnight Embed in paraffin; 

Day 7 Melt paraffin 2 hr at 58° C; 

Fresh paraffin 1-2 hr at 58° C, depending on size of eye; 
Embed in paraffin, Bioloid, m.p. 56-58° C, with 10% beeswax added for 
easier ribboning. 


Choive of the clearing agent in this procedure proved especially important. Many clearing 
agents were tried, and for this work the rather rarely used natural oil of bergamot (Florasynth 
Laboratories Inc., New York, N.Y.) was found considerably superior to more standard 
clearing agents. It caused the least shrinkage and distortion and gave the most consistent 
results. In final embedding it was found that if cooling was too rapid the cup-like shape of 
the eye led to small distortions and separations of the retina. This problem was solved by 
slow cooling, and no crystallization of paraffin resulted from this procedure. Trimmed blocks 
were sectioned at room temperature or after immersion in cold tap water. The 25 ,» serial 
sections were floated on to slides from distilled water, and the water temperature did not 
exceed 50° C. Higher temperatures caused the sections to flatten out too rapidly, producing 
tears in the inner and/or outer nuclear layers, and even retinal detachments. Floating the 
sections on 30% alcohol (Lillie, 1954) was likewise unsatisfactory because evaporation of the 
alcohol decreased the surface temperature and caused the sections to flatten unevenly. 
After removing paraffin in xylene it was found necessary to coat the slides with 0-5% 
celloidin to minimize the number of sections lost during staining. 

Final staining of the iron deposits was performed after the procedure of Gomori (1952), 
somewhat modified. Sections in giass trays were run down to water and then treated with 
a solution of 2-5% ferricyanide and 2-5%, ferrocyanide for 10 min. Then they were trans- 
ferred to an identical solution, except that it also contained 10% HCl, for 30 min. These 
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procedures were carried out at room temperature. The combination of ferricyanide and 
ferrocyanide gave a slightly larger and more intense stain spot than ferrocyanide alone. 
Gomori recommends a neutral fixative to prevent artifacts and false localizations. This was 
not done, since artifacts were guarded against by other procedures. Sections were then 
stained for 15 min with 1% aqueous Kernechtrot (made by Chroma—Gesellschaft, Schmid 
and Co., Stuttgart-Untertiirkheim). Thie red nuclear stain showed up the retinal layers 
clearly and made it possible to scan sections rapidly for finding the blue electrode mark. 
Permount was used for mounting; since this medium is a synthetic resin, it slowed fading of 
the blue iron complex (Gomori, 1952). 

When sections were scanned, about 60°, of the stain spots were recovered. Sections con- 
taining the best electrode marks were never those with the best histological qualities. This is 
partly due to the statistical improbability that the few sections which were ideal from one 
point of view should also be ideal from another. It also appeared likely in some cases that 
passage of the electrode through the retina contributed to retinal detachment and othe 
effects. Artifacts were guarded against by several precautions. It was required that the 
stain spot should be located as predicted with respect to the optic disk, and in the same plane 
of focus as the tissue. Artifacts usually did not focus in the tissue and had characteristic 
differences in appearance from electrode marks; the artifacts tended to have a denser blue 
colour and much sharper borders. In some cases an electrode mark could be found in two 
serial sections, which further aided identification. Still another precaution, used only in 
certain cases, was a second iron deposit made by the electrode near the retinal surface after 
withdrawing some distance from the site of the original deposit. These surface stains pro- 
vided additional assurance that the stain spots immediately beneath them were not artifacts. 

Sections for purely histological purposes were prepared somewhat differently. Many 
fixatives were tried and Heidenhain’s Susa gave the best preservation of tissue; it was 
followed closely in quality of results by Kolmer’s and Zenker’s fluids. Susa was therefore 
used as fixative for all purely histological work. Since ferrocyanide forms a precipitate in 
contact with mercuric ions, mercury-containing fixatives (such as Susa and Zenker’s) could 
not be used for electrode-marking procedures. This is why Kolmer’s was used as fixative 
for electrode-marking work. With Susa-fixed material the beeswax was omitted from the 
embedding medium and sections were cut at 10 4. These sections were stained with Harris's 
haematoxylin and 0-2 % alcoholic eosin, which gave excellent clarity of histological details. 
This stain was not used for electrode marking because of the similarity in colour between 
this background stain and that of the electrode mark. An example of a section for purely 
histological purposes is shown in Plate 1. 


RESULTS 


Our stainless-steel electrodes had larger tips and blunter tapers than 
micropipettes used in the cat retina. After penetration a dimpling of the 
retinal surface was always visible with the stainless steel, although rarely 
with micropipettes, so the retina was more deformed during penetration by 
the steel electrodes. In spite of this problem, the sequence of electrical 
events during penetration was the same as that found by Brown & Wiesel 
(1959, 19614, b) in so far as comparison was possible. 

Certain electrical events recorded by micropipettes depend upon the 
extremely sensitive transducer properties of such electrodes (Brown & 
Wiesel, 1959). These events include voltage signals and changes of electrode 
resistance in response to deformation of the electrode tip. Thus transducer 
properties of micropipettes permit detection of all major retinal mem- 
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branes, and borders between vascular and non-vascular zones may be 
detected by recording the pulse beat as a voltage signal. Stainless-steel 
electrodes also have transducer properties, since the pulse beat was some- 
times reproduced in the voltage-record, but this occurred only when the 
electrode seemed to be exerting considerable pressure on the retina. The 
transducer actions of stainless-steel electrodes are much less sensitive than 
those of micropipettes, so with the steel electrodes it was not possible to 
detect borders between vascular and non-vascular zones; the internal and 
external limiting membranes likewise could not be identified. With respect 
to single-cell activity and changes in the local e.r.g. (l.e.r.g.), the same 
general sequence of events was recorded during a retinal penetration by 
either type of electrode. Extracellular single unit activity was more 
readily detected, however, by the stainless steel. 

The electrode positions which were marked were chosen to solve the 
following three problems (1) identify the ‘R membrane’ first described by 
Brindley (1956), (2) locate the level at which each major component of the 
Le.r.g. has maximum amplitude, (3) locate the single units which yield 
only slow potentials in response to light stimuli and also those which respond 
with impulse discharges. 

When penetrating the cat retina both the a- and c-waves of the L.e.r.g. 
increase in amplitude to maxima which are at identical levels deep in the 
retina (Brown & Wiesel, 19615). Just after passing the amplitude maxima 
of these waves the entire light response is sharply reduced in amplitude and 
a negative d.c. shift of 30-60 mV occurs. These latter events are similar to 
those which occur when penetrating the ‘R membrane’ of the frog 
(Brindley, 1960). Thus the ‘R membrane’ of the cat occurs just beyond the 
amplitude maxima of the local a- and c-waves. 

Penetration of the ‘R membrane’ was readily detected with steel elec- 
trodes by the negative d.c. shift and sudden reduction of the light response. 
One group of electrode marks was made immediately after penetration of 
this membrane, and an example of this type of mark is shown in PI. 2, 
fig. 1. The dye spot is confined within the choroid, and may be seen to 
terminate sharply along the retinal margin of the choroid. Bruch’s mem- 
brane is usually defined as the membrane lying between the chorio- 
capillaris and the pigment epithelium. This definition will be maintained 
here, contrary to the terminology of Bernstein & Pease (1959). By this 
conventional definition Bruch’s membrane in the cat consists only of the 
basement membrane of the pigment epithelium, which is only about 0-25 
or less in thickness (Bernstein & Pease, 1959). Thus it cannot be resolved 
by the light microscope, but is clearly identified by the spindle-shaped 
nuclei on its choroidal surface. In this portion of the cat retina such spindle- 
shaped nuclei are found only in the endothelium of the choriocapillaris, 
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and according to Bernstein & Pease they are close to the basement mem- 
brane of the pigment epithelium. Two of these nuclei were found immedi- 
ately on the choroidal side of the line of termination of the illustrated stain 
spot. Thus stain spots on the choroidal side of the ‘R membrane’ were 
clearly confined to the choroidal surface of Bruch’s membrane, and this 
was true of all six of the stain spots recovered in this group. 

Another group of marks was made by penetrating the ‘R membrane’ and 
then withdrawing the electrode until amplitude of the light response 
suddenly increased again. This placed the electrode immediately adjacent 
to the retinal side of the ‘R membrane’, at the position of amplitude 
maxima of the local a- and c-waves. A photomicrograph of one of these 
marks is shown in PI. 2, fig. 2. The dye is confined to a small area on the 
retinal side of Bruch’s membrane. A total of ten dye spots have been 
recovered for this type of electrode location, and without exception they 
have been at the illustrated retinal level. The dye usually spread along the 
retinal side of Bruch’s membrane, sometimes entering the choroid at the 
centre of the spot where Bruch’s membrane had been penetrated by the 
electrode, but around the centre of the spot the dye was always confined to 
the retinal side of Bruch’s membrane. Thus the ‘R membrane’ was 
identified with Bruch’s membrane, and amplitude maxima of the local a- 
and c-waves were found close to the retinal surface of Bruch’s membrane. 

Another electrode position marked was that giving maximum amplitude 
of the local b-wave. This position was determined by penetrating the 
retina and monitoring the amplitude of the local b-wave while stimulating 
with 50 msec light flashes at a repetition rate of 1/3 sec. The maximum 
amplitude of the local b-wave has previously been found just beyond the 
outer margin of the inner nuclear layer (Brown & Wiesel, 19615). Thus the 
electrode was advanced slightly past the position of maximum amplitude ; 
then it was withdrawn until the maximum amplitude during penetration 
was again recorded. The response to a 0-5 sec stimulus was then noted ; this 
was to see if the recorded b-wave was contaminated by a response from one 
of the single units yielding only slow potentials. If there was no sign of 
single unit activity, this electrode position was marked. Since maximum 
amplitudes of the b-wave and d.c. component occur at the same retinal 
level (Brown & Wiesel, 1961), these electrode marks also locate the 
maximum amplitude of the local d.c. component. 

These stain spots showed considerable scatter. The retinal depths of the 
21 marks recovered are plotted on the right-hand side of Plate 1, and the 
method of plotting is such that a histogram is presented showing the 
frequency at which marks were found at each retinal depth. The marks 
were scattered from the inner margin of the inner nuclear layer to the 


middle of the outer nuclear layer, and this scatter requires comment. 
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Since the stain spots at the retinal surface of the ‘R membrane’ were 
always found against the retinal side of Bruch’s membrane, our method of 
electrode location seems capable of reliable results. Thus the scatter of spots 
for maximum amplitude of the b-wave is not intrinsic in the method; it 
must be due to something like an insufficiently precise criterion for placing 
the electrode before marking its position. A major reason is undoubtedly 
the fact that the curve relating amplitude of the local b-wave to retinal 
depth shows a relatively slow fall on both sides of the maximum (Brown 
& Wiesel, 19616). This makes the electrode position for maximum amplitude 
difficult to determine exactly on a given penetration. Since this is probably 
the major reason for the scattered results, and since this type of error would 
be expected to distribute randomly around the correct electrode depth, 
the taking of an average seems justified in this case. Most spots were found 


0-5 sec 


Text-fig. 1. A typical extracellular recording from a single unit which responded 
to light only with slow potential activity. Stimulus was repetitive at a frequency of 
one every 3 sec: d.c. recording. 


in the outer plexiform layer, and the average depth of the spots was about 
halfway through that layer. Thus maximum amplitudes of the b-wave and 
d.c, component appear to be near the centre of the outer plexiform layer. 
Electrode positions were also marked where recordings were obtained 
from single units yielding only slow potentials in response to light stimu- 
lation. This is the type of response first described in fish by Svaetichin 
(1953). In the cat retina both extra- and apparently intracellular results 
have been obtained from these cells (Brown & Wiesel, 1959). In this study 
the responses were all of the extracellular type, but clearly from single 
units, as previously described. A typical response is shown in Text-fig. 1. 
With micropipettes these responses are difficult to obtain and are always 
lost by moving the electrode a few micra, whereas with stainless-steel they 
are much more readily found and maintained. Thus it is our impression 
that whereas micropipettes must be very close to such a cell to detect its 
activity, the steel electrode can record from a greater distance. This means 
that steel electrodes have an advantage for detecting these cells, but the 
disadvantage for localization of recording over too great a distance. 
When an extracellular response was obtained from one of these single 
units, it was attempted to position the electrode for maximum amplitude 
of the response ; then the electrode position was marked. A stain spot from 
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this group is illustrated in PI. 2, fig. 3. The spot is about 10 x 16, in size 
and slightly distal (choroidal) to the inner nuclear layer. This stain spot is 
rather typical in appearance of those in both this group and the group 
made at maximum amplitude of the b-wave. The 16 electrode marks for 
these single units were also rather scattered, as shown in Plate 1. If one 
ignores the two isolated deep marks, and also the shallowest mark, the 
remaining 13 marks constitute a rather densely packed group extending 
through the inner nuclear layer and part of the outer plexiform layer. 
Interpretation of these findings will be deferred to the Discussion section 
of this paper. 

Electrode marks were also made at sites of recording from single units 
which responded to light with impulse discharges. In some cases these 
marks were found near ganglion cells, and in other cases in the inner 
nuclear layer. A mark in the optic fibre layer is shown in PI. 2, fig. 4. This 
mark is particularly dense and sharply delimited, and about 8p x 12y in 
size. Although there are small blue spots scattered somewhat around the 
major one, it seems certain that the electrode position was near the centre 
of the major spot. The structure immediately on the right side of the stain 
spot is a small blood vessel, identified by the contained red corpuscles 
which stain brownish yellow. The ganglion cells were weakly stained in this 
case, but several were identified just beneath the electrode mark in the 
original section and one may be seen near the right border of PI. 2, fig. 4. 
Thus this recording of single unit impulse activity must have been from 
either an optic nerve fibre or the soma of a nearby ganglion cell. Since 
ganglion cells of the cat are rather scattered, particularly in the peripheral 
retina, this type of electrode staining could be used to determine in some 
cases the actual cell from which the recording was made. 

Electrode marks in the inner nuclear layer are of particular interest, and 
an example of this type of finding is shown in PI. 2, fig. 5. Although the 
ganglion-cell layer was not well preserved in this section, the electrode 
mark was clearly in the inner nuclear layer and a rather well preserved 
portion of the inner plexiform layer may be seen interposed between the 
electrode mark and surface layers of the retina. Thus there seems no doubt 
that in some cases single unit impulse activity was recorded while the 
electrode tip was in the inner nuclear layer. 


DISCUSSION 
The ‘R membrane’ 
An electrode on the choroidal side of the ‘R membrane’ made a dye spot 


which spread along the choroidal surface of Bruch’s membrane but did not 


penetrate that membrane to stain the pigment epithelium. On the other 
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hand, an electrode on the retinal side of the ‘R membrane’ proved to be 
very close to the retinal side of Bruch’s membrane. Since Brindley (1956) 
discusses the possibility that the ‘R membrane’ is the pigment epithelium, 
it is somewhat unfortunate that when the electrode was on the retinal side 
of the ‘R membrane’ the effect of the electrode stain upon the pigment 
epithelium could not be clearly determined. In a careful study of original 
sections the pigment cells seemed to take up the stain in some cases but 
not in others. It is believed, however, that this issue is not crucial for 
identifying the ‘R membrane’. Theoretically the pigment cells might reject 
the dye without having the electrical properties of the ‘R membrane’ and 
vice versa. The real issue is whether withdrawal of the electrode through the 
‘R membrane’ requires withdrawal only through Bruch’s membrane or 
also through the pigment epithelium, and it seems unlikely that this 
question can be answered by the present technique. The basement mem- 
brane of the pigment epithelium appears, however, to be a continuous 
membrane (Bernstein & Pease, 1959). Thus it is anatomically well adapted 
to function as the ‘R membrane’, whereas the pigment epithelium itself 
shows no anatomical features which would suggest that it could function 
in this manner. Hence identification of the ‘R membrane’ of the cat with 
Bruch’s membrane seems established. This identification was first made 
by physiological methods of electrode location (Brown & Wiesel, 1958, 
1959), so results of the two methods agree. Tomita, Murakami & Hashimoto 
(1960) and Brindley (1960) conclude that the ‘R membrane’ of the frog 
is also Bruch’s membrane. 

The term ‘R membrane’ was originally used by Brindley (1956) to 
designate a membrane having relatively high electrical resistance and 
capacitance, without identifying it with a specific anatomical structure. 
Since there is now good agreement concerning identification, it is suggested 
that the term ‘R membrane’ be discontinued. It now seems simpler to 
attribute to Bruch’s membrane certain electrical properties which include 
relatively high electrical resistance and capacitance. The large change in 
magnitude of the light response across Bruch’s membrane is readily 
understood in terms of its passive electrical resistance, and does not require 
assigning it any additional properties. There is a transmembrane d.c. 
potential of 30-60 mV, however, with the retinal side positive. It seems 
likely that this potential across Bruch’s membrane is a major source of the 
resting potential of the eye, which consists of a positive d.c. potential of 
the cornea in relation to the back of the eye. In this regard Noell (1954) 
found that intravenous sodium azide produced a transient threefold in- 
crease of the resting potential. The reaction to sodium azide was still found 
after removal of the anterior portion of the eye and therefore seemed 
retinal in origin. Furthermore, the azide reaction was diminished by 
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iodoacetic acid and abolished by sodium iodate, and the extent to which 
the reaction was diminished by these agents seemed directly related to 
their destructive effects on the pigment epithelium. These observations 
indicate that the resting potential of the eye may be affected by the resting 
potential across the retina and suggests that the pigment epithelium is 
involved in producing the d.c. potential across Bruch’s membrane. 


Localization of e.r.g. components 
Present findings concerning location of amplitude maxima of all com- 
ponents of the l.e.r.g. agree with earlier work of Brown & Wiesel (1958, 
19616). Hence their conclusions concerning the sites of origin of these 
components are supported, in so far as electrode localizations are shown to 
be accurate. 


Localization of single unit activity 
Electrode marks for single units which yielded only slow potentials were 
concentrated near the outer margin of the inner nuclear layer but were 
clearly scattered through the inner nuclear layer. The two marks in the 
outer nuclear layer are rather isolated from the main group and are 
probably not significant. In fish retinas the localizations of these units 
have given slightly varied results (MacNichol & Svaetichin, 1958; Mitarai, 


1958, 1960; Oikawa et al. 1959; Tomita e¢ al. 1959; Gouras, 1960). Most 
investigators, however, have found these units dispersed somewhat in 
depth. The findings of MacNichol & Svaetichin (1958) are rather repre- 
sentative, and their electrode marks were distributed through the inner 
nuclear layer. Thus present findings in the cat agree well with those in fish, 
indicating that the depth distribution of these units in the cat is rather 
similar to that in certain fishes. In fish the more distal units have been 
reported to yield luminosity responses, while the more proximal ones give 
chromatic responses (MacNichol & Svaetichin, 1958), but spectral response 
curves have not yet been obtained in the cat. 

With micropipette electrodes, and physiological methods of localization, 
the slow potential units seemed to be in a narrow zone slightly distal to the 
inner nuclear layer (Brown & Wiesel, 1959). Similar localizations were 
made with the present method, but marks were also found throughout the 
inner nuclear layer, so electrode marking shows a greater dispersal in 
depth. This may be due to the different electrodes used with the two 
methods. Stainless-steel electrodes recorded more readily than micro- 
pipettes from single units of all types in the retina, especially optic nerve 
fibres; hence they seem superior to micropipettes for detecting extra- 
cellular activity from small structures. In fish retinas the more distal 
units have proved relatively large and are probably horizontal cells, while 
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the more proximal units are much smaller and are probably bipolars 
(MacNichol & Svaetichin, 1958). It therefore seems likely that units 
localized in the cat with micropipettes were only the relatively larger and 
more distal units, while units localized in this study also included the 
smaller and more proximal ones. This is the only case where electrode 
markings and the physiological methods gave different results; thus it is 
interesting that even in this case the difference was small and probably 
due to the electrodes used in the two methods. 

Localization of these units also relates to the hypothesis that single units 
which yield only slow potentials generate the b-wave and d.c. components 
of the cat e.r.g. (Brown & Wiesel, 1958, 19615). Since the amplitude 
maxima of the local b-wave and d.c. component are just distal to the inner 
nuclear layer, the more distal single units are the more likely origins of 
these potentials. 

Since the electrode tip was sometimes in the inner nuclear layer during 
the recording of single-unit impulse activity, this agrees with previous 
evidence that certain single units in this layer of the cat retina discharge 
impulses (Brown & Wiesel, 1959). An alternative explanation of our finding 
is that all single-unit activity was recorded from ganglion cells, and that 
in the cases where the tip was deeper than the ganglion cell layer the activity 
was recorded by capacitative coupling through the insulation. Although 
this possibility cannot be excluded entirely, electrode marks were made only 
when recorded impulses were greater than 2-0 mV in magnitude. It seems 
extremely unlikely that impulses of this magnitude were recorded from a 
site other than the electrode tip. This interpretation is greatly strengthened 
by the observation that impulse activity was sometimes recorded when the 
electrode tip was distal to the inner nuclear layer, but in these cases the 
impulses were always so small that they were visually buried in the noise 
level and could only be detected by ear. Thus evidence from electrode 
staining indicates that single-unit impulse activity may be recorded in the 
inner nuclear layer, but the structures in that layer which discharge 
impulses are still unidentified. 


Methods of electrode location 


The specific technique of electrode marking in this work proved quite 
satisfactory. By comparison with other electrode marking methods, the 
spots produced seem most comparable to those which Mitarai (1960) 
obtained by electrophoretic deposition of lithium carmine from a micro- 
pipette electrode. Since micropipettes are better adapted for certain 
problems, while metal electrodes are better for others, these two methods 
of electrode marking seem complementary. 

Perhaps the most striking result of this work, however, is the agreement 
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between localizations by electrode marking and those made previously by 
physiological methods. Thus the physiological methods have been validated 
and are at least as accurate as the histological ones. Since the physiological 
methods have advantages of both convenience and the granting of 
immediate information concerning electrode depth, they seem to provide 
the best general technique now available for determining electrode depth 
in the mammalian retina. 


SUMMARY 


1. A technique is described for marking the position of a stainless-steel 
electrode in the retina of the unopened cat eye. This method gives dense 
and sharply delimited blue spots as small as about 10, in size. 

2. Electrode marks placed on the choroidal and retinal sides of the 
*R membrane’ were found on the choroidal and retinal sides of Bruch’s 
membrane. Thus the ‘R membrane’ of the cat was identified with Bruch’s 
membrane. 

3. Maximum amplitudes of the a- and c-waves of the local e.r.g. were 
found immediately adjacent to the retinal side of Bruch’s membrane. 
Amplitude maxima of the b-wave and d.c. component appeared to be 
slightly distal (choroidal) to the inner nuclear layer. 

4. Electrode positions were marked for extracellular recordings from 
single units which responded to light only with slow potentials. These 
marks were grouped near the outer margin of the inner nuclear layer but 
extended through that layer. The depth distribution of these units in the 
cat therefore seems similar to that in certain fishes. 

5. Electrode marks were also made for single units which discharged 
impulses in response to light. Some of these marks were found near ganglion 
cells and some were in the inner nuclear layer. Single unit impulse 
activity may therefore be recorded when the electrode tip is in the inner 
nuclear layer, but the cells which discharge these impulses are not yet 
identified. 

6. Electrode localizations in this work agreed weil with those made by 
the physiological methods of Brown & Wiesel (1959). Thus the physio- 
logical methods are at least as accurate as the histological ones, and have 
advantages of both convenience and the granting of immediate information 
concerning electrode depth. Hence they currently seem to provide the 
technique of choice for determining electrode position in the mammalian 


retina. 
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ELECTRODE MARKING IN CAT RETINA 


EXPLANATION OF PLATES 
Piate 


Photomicrograph of normal adult cat retina near optic disk. Eye fixed in Heidenhain's 
Susa. Section 10 4 thick, approximately perpendicular to the retinal surface, and stained 
with haematoxylin and eosin. Measured thickness of retina in this section was 240 p from 
the internal limiting membrane to Bruch's membrane. Locations of electrode stain spots 
are plotted in histogram form; this is done separately for electrode marks at maximum 
amplitude of the local b-wave, and for marks made while recording from single units which 
responded only with slow potentials, @, Maximum amplitude of b-wave; x, single units 
giving only slow potential, 


PLate 2 


Fig. 1. Photomicrograph of an electrode mark against the choroidal side of the ‘R mem.- 
brane’. Histological methods described in text. « 512. 

Fig. 2. An electrode stain immediately adjacent to the retinal side of the ‘R membrane’ 
where both the a- and c-waves of the Le.r.g. were maximum in amplitude, Note that this 
electrode mark, as well as the one in the preceding illustration, is rather greenish in colour. 
This colour was not characteristic, but was seen in a number of the electrode stain spot. 
=« 640. 

Fig. 3. An electrode mark made in the outer plexiform layer at site of recording from a 
single unit which responded to light only with slow potentials, A typical artifact ia visible 
in the innor plexiform layer; it is out of focus because it was not in the plane of the tissue, 
This illustration also shows the pattern of split chromatin in the nuclei of the outer nuclear 
layer; this interesting anatomical feature has been described only in the outer nuclear layer 
of the cat and a few closely related apecios (see Dicker, 1959). The plane of splitting of the 
chromatin tends to coincide with that of the retina, x 400, 

Fig. 4. An electrode mark at site of recording from a single unit which reaponded to light 
with impulse discharges. This mark is in the optic fibre layer, directly beside a amall blood 
vessel and directly over several ganglion cells; see text for interpretation. x 400, 


Fig. 5. Another electrode mark at site of recording from a single unit which discharged 
impulses in response to light stimuli. A portion of the outer nuclear layer is shown below, 
and the electrode mark is in the inner nuclear layer. A relatively intact portion of the inner 
ploxiform layer is shown above, but the ganglion cell layer was poorly preserved. The histo- 
logical defects of this section were characteristic of the group of eyes in which electrode 
marks were made in the inner nucloar layer, This diffleulty was traced later to a defective 
batch of clearing agent which was not obtained from the recommended source. x 512. 
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The distribution of acetylcholine (ACh), choline acetylase and cholin- 
esterase within the mammalian central nervous system has suggested that 
ACh has an important function as a central synaptic transmitter (Feldberg, 
1945, 1950, 1957). Investigations on the central effects of ACh and certain 
anticholinesterases, together with the observed release of ACh by active 
tissue, have been considered to strengthen this postulate. However, in 
order to establish that a substance is a central synaptic transmitter agent, 
either excitatory or inhibitory in nature, it is not only necessary that the 
substance or its precursors should be present, together with the necessary 
enzymes for its synthesis and destruction (Paton, 1958), but also that its 
local application causes the presumed post-synaptic site of action to 
exhibit changes comparable with those evoked by synaptic action. While 
this does not necessarily establish that the applied substance is identical 
with the natural transmitter, the production of the appropriate post- 
synaptic response by the chemical substance is an essential prerequisite to 
such identification (Curtis, 196la). Many of the methods by which ACh 
and other substances such as adrenaline and 5-hydroxytryptamine have 
been applied to the spinal cord and brain do not allow definite conclusions 
to be drawn concerning the site of action of these agents. Furthermore, in 
many cases the substances may have failed to reach centrally located 
neurones because the blood-brain barrier and other diffusional barriers 
(Curtis & Eccles, 19586) prevented access to receptor sites. Chemical 
agents can, however, be applied to the external surface of neurones whilst 
the effects upon the cells are observed by either an extracellular (Curtis 
& Eccles, 1958a) or an intracellular electrode (Curtis, Phillis & Watkins, 
1959, 1960). By means of the former technique and also that of intra- 
arterial injection (Eccles, Fatt & Koketsu, 1954; Eccles, Eccles & Fatt, 
1956; Curtis, Eecles & Eccles, 1957) it has been established that within the 
lumbar segments of the spinal cord of the cat Renshaw cells are cholino- 
ceptive, being activated synaptically by ACh released from the terminals 
of axon collaterals. Most investigations upon these cells have been carried 
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out by using volleys fired into the spinal cord antidromically along the 
ventral roots, the impulses reaching the synaptic terminals upon Renshaw 
cells by means of the axon collaterals. It has, however, been reported that 
Renshaw cells can also be fired by volleys reaching the spinal cord via the 
dorsal root (Renshaw, 1946; Eccles et al. 1954; Frank & Fuortes, 1956), 
and it has been of interest to investigate whether or not this activation is 
also ultimately mediated by ACh. This paper reports further pharmaco- 
logical studies which have been carried out upon Renshaw cells, together 
with an analysis of the action upon various spinal neurones of drugs which 
have known effects at cholinergic and other types of junctional region. 


METHODS 


The investigations were carried out upon interneurones, motoneurones and Renshaw cells 
of the lumbosacral segments of cats lightly anacsthetized with pentobarbital sodium. The 
ventral roots of the sixth and seventh lumbar and first sacral segraents were cut and mounted 
on electrodes for stimulation. In all experiments the spinal cord was transected at the lower 
thoracic level and in some preparations the ventrolateral columns on both sides were pre- 
pared for 2-3cm and mounted on stimulating electrodes. The exposed spinal cord was 
covered with liquid paraffin B.P. and muscle nerves in the ipsilateral hind limb were mounted 
on platinum stimulating electrodes in a separate oil pool. The preparation was maintained at 
a temperature of 36-38°C. | 

Individual cells were identified by their responses to volleys reaching the spinal cord via 
the dorsal and the ventral roots (Hunt & Kuno, 19594). Motoneurones have characteristic 
spike potentials in response to antidromic and orthodromic volleys, are unable to follow 
high-frequency repetitive stimulation and are located in the ventral horn of the grey matter, 
Gamma or small motoneurones were identified by the high threshold and low conduction 
velocity of their axons. Renshaw cells, located in the medial portion of the ventral horn 
(Eccles et al. 1954) are fired repetitively at high frequency by ventral-root volleys and may 
also respond to volleys reaching the spinal cord via dorsal roots. Interneurones are charac- 
terized by their location throughout the central grey matter of the spinal cord and by their 
failure to respond to antidromic volleys in the ventral roots (Hunt & Kuno, 19596). Although 
most experiments were performed using interneurones an intensive classification was not 
attempted (cf. Kolmodin, 1957). It was clearly impossible to test all the interneurones 
present in a preparation and a practical limit had to be placed upon the number of cells 
tested with any one chemical agent, The most commonly found cells responded repetitively 
to impulses in the high-threshold muscle and cutaneous afferent fibres. The comparatively 
long central latency suggested that polysynaptic pathways were involved. Cells of the 
types A, B, and C, discussed by Eccles, Eccles & Lundberg (1960), were also investigated and 
particular care was taken to include cells of type A, excited monosynaptically by impulses 
in the Group Ia muscle afferent fibres, when studying the effect of ACh, 5-hydroxytrypt- 
amine, histamine and noradrenaline. 

Pharmacological investigations of single cells were carried out by the electrophoretic 
application of substances from double-barrel, five-barrel or co-axial electrodes (Curtis & 
Eccles, 1958a; Curtis & Watkins, 1960; Curtis, Phillis e al. 1959, 1960). The substances 
were in saturated aqueous solutions and are listed in Tables | and 2. Most were cations and 
were consequently passed from the electrode by a cationic current and were prevented from 
diffusing outward by a current in the reverse direction. Unstable substances such as 
adenosine triphosphate (ATP), 5-hydroxytryptamine (5-HT), adrenaline and noradrenaline 
were applied from freshly prepared solutions using co-axial electrodes having external tip 
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diameters of 3-4 yw, the inner barrels projecting by 2-3 yu. These electrodes were assembled 
immediately before use. 5-Hydroxytryptamine was prepared by hydrogenation of the stable 
tribenzy!l derivative and was used immediately. Some substances were administered 


intravenously. 

The action of any one substance was determined upon the extra-cellularly recorded spike 
potentials of at least five different interneurones in each of two or three preparations. For 
many substances a considerably greater number of cells were tested, as detailed in Results. 


RESULTS 
Renshaw cells 


Many Renshaw cells respond to volleys reaching the spinal cord via 
dorsal root afferent fibres and in many cases these responses appeared to 
be unrelated to the activation of motoneurones. It is thus possible that 
the afferent volleys may excite Renshaw cells not only via motoneurone 
axon collaterals but also either monosynaptically or after relay through 
interneurones. Conclusive evidence for the latter modes of activation is, 
however, hard to obtain, since such volleys may also fire motoneurones 
directly or after inter-neuronal relay, the associated firing of Renshaw 
cells then possibly being due to impulses in motor axon collaterals. In- 
vestigations concerning this problem will be reported in a future com- 
munication, but the likelihood that motoneurones are not always involved 
in the excitation of Renshaw cells by dorsal-root volleys led to a study of the 
pharmacology of such excitation, It has already been established that the 
pharmacology of the excitation of Renshaw cells by volleys in the motor 
axon collaterals resembles closely that of mammalian neuromuscular 
transmission. ACh can therefore be accepted as an excitatory transmitter 
at the synapses between these collateral fibres and Renshaw cells 
(Eccles, Eccles & Fatt, 1956; Curtis & Eccles, 19584, 6). If afferent volleys 
fire Renshaw cells directly or indirectly without the prior excitation of 
motoneurones, certain primary afferent fibres or some spinal neurones, 
other than motoneurones, may have the ability to synthesize and release 
ACh from their terminals. The possibility must also be considered, how- 
ever, that Renshaw cells may respond to excitatory transmitters other 
than ACh. 

In the establishment of ACh as the transmitter released at the synapses 
between axon collaterals and Renshaw cells, the effects of curare-like 
blocking agents and anticholinesterases upon the synaptic responses 
played a prominent role. Thus dihydro-8-erythroidine (DHBE) which 
interacts with cholinoceptive receptors (Eccles et al. 1954; Curtis & Eccles, 
19585; Hanna, Macmillan & McHugo, 1960; Longo, Martin & Unna, 1960) 
and eserine, an anticholinesterase which gains access to Renshaw cells 
after intravenous injection (Eccles et al. 1954), have been used to test 
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whether the transmitter released upon Renshaw cells subsequent to dorsal- 
root stimulation is also ACh. The control responses of Fig 1A and B were 
produced by maximal dorsal- and ventral-root stimulation respectively. 
Immediately following these records eserine salicylate (0-5 mg/kg) was 
administered intravenously and the groups of records C, D and E, F were 


10 msec 


Fig. 1. Pairs of responses of a single Renshaw cell evoked by dorsal root (DR) 
(A, C, B, @) and ventral root (VR) (B, D, F, H) volleys. A, B control reaponses; 
C, D 24 and, 2, F 4 min respectively after eserine 0-5 mg/kg was administered 
intravenously. G, H, 30 sec after DHBE | mg/kg intravenously, Time marker, 
10 maec for all records. 


taken 24 and 4 min later, using the same respective stimuli. Both forms 
of synaptic response were prolonged. Thirty seconds after EH and F, 
dihydro-8-erythroidine | mg/kg was administered, and within 30 sec, as 
shown in @ and H, there was a reduction in the number of responses 
evoked by the two types of stimulation. 

Such experiments were performed upon Renshaw cells in two animals 
with identical results and established at least a cholinergic component of 
the excitation produced by dorsal-root volleys. In two other animals 
DHBE alone was administered intravenously, the responses of Renshaw 
cells to both dorsal- and ventral-root volleys being suppressed, However, 
in a further two animals intravenous DHSE had no effect upon the 
Renshaw cell discharge evoked by dorsal-root volleys, although it almost 
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abolished the responses to ventral-root volleys (for example, the cell 
illustrated in Fig. 3, to be discussed below). In one other animal this drug 
had a transient blocking action on the dorsal-root-evoked spikes of 
Renshaw cells, this effect lasting less than 5 min, whereas the responses 
following a ventral-root stimulus were virtually abolished for several hours. 
This type of effect is shown in Fig. 2, the spike responses being recorded 
by means of a single barrel electrode containing 3M-KC! solution. In each 


10 msec 


Fig. 2. Extracelluiarly recorded spike responses of a single Renshaw cell evoked 
by a maximal ventral root stimulus (i) and maximal dorsal-root stimuli (ii, iii), 
the stimulus intensities being constant throughout the series. 

A, controls; B-G, 30, 70, 84, 130, 200 sec and 40 min after DHSE | mg/kg was 
given intravenously: H, 30 sec after a further dose of 2 mg/kg. 


section of the figure the response (i) was elicited by a maximal ventral- 
root stimulus whereas (ii) and (iii) were each evoked by maximal dorsal- 
root stimuli. After the control responses A, DHSE 1 mg/kg was admini- 
stered intravenously and the responses B, C, D, E, F and G recorded 30, 
70, 84, 130, 200 see and 40 min later, respectively. Apart from one spike, 
those evoked by the ventral-root stimulus were rapidly suppressed and 
remained blocked for the duration of the observation, a second spike 
appearing only in Fig. 2G (i). However, spikes produced by the dorsal- 
root stimulus were slightly reduced in number during the period 60-150 
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sec, but had recovered fully by 200 sec (Ff). An additional dose of 2 mg/kg 
(H) had no further action upon these spikes. 

Investigations using intravenously administered DHE were limited by 
the necessity of waiting 6-8 hr between doses, especially when these were 
as large as 1-2 mg/kg. Further, doses of this size do not abolish completely 
either the excitant action of electrophoretically applied ACh or the spikes 
evoked by a ventral-root volley. The spike discharges of Fig. 3 were 
recorded near a single Renshaw cell by means of the central barrel of a 
five-barrel electrode and in the sweeps indicated by the filled circles 
responses were elicited either by a maximal ventral-root stimulus (A, £, 
@, H) or by a maximal dorsal-root stimulus (B, C, D, F). The responses of 
C and G were elicited by ACh and those of D and H by glutamate ion, 
these two substances being applied from different barrels by currents of 


10 msec 


Fig. 3. Spike potentials of a Renshaw cell recorded on film moving parallel to the 
Y axis of the oscilloscope, there being approximately 7 sweeps/sec. The columns 
must be read from below upwards. 

A, E, G, H maximal stimulation of the segmental ventral root; B, C, D, F, 
maximal stimulation of the dorsal root, the sweeps in which stimulation occurred 
being indicated by the filled circles. 

C, G, electrophoretic application of ACh from one barrel of the five-barrel 
electrode, the contral barrel of which was used for recording the responses; D, H, 
electrophoretic application of glutamate ion (Glut) from another barrel. A-—D, 
control responses before DHSE application; E-H, recorded 17, 19, 32 and 43 sec 
after DHBE 0-5 mg/kg intravenously. Time marker, 10 msec for all records, 1 sec 
for rate of movement of film. 
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abolished the responses to ventral-root volleys (for example, the cell 
illustrated in Fig. 3, to be discussed below). In one other animal this drug 
had a transient blocking action on the dorsal-root-evoked spikes of 
Renshaw cells, this effect lasting less than 5 min, whereas the responses 
following a ventral-root stimulus were virtually abolished for several hours. 
This type of effect is shown in Fig. 2, the spike responses being recorded 
by means of a single barrel electrode containing 3M-KC! solution. In each 


H 


DHE 


10 msec 


Fig. 2. Extracellularly recorded spike responses of a single Renshaw cell evoked 
by a maximal ventral root stimulus (i) and maximal dorsal-root stimuli (ii, iii), 
the stimulus intensities being constant throughout the series. 

A, controls; B-G, 30, 70, 84, 130, 200 sec and 40 min after DHSE | mg/kg was 
given intravenously: H, 30 sec after a further dose of 2 mg/kg. 


section of the figure the response (i) was elicited by a maximal ventral- 
root stimulus whereas (ii) and (iii) were each evoked by maximal dorsal- 
root stimuli. After the control responses A, DHSE 1 mg/kg was admini- 
stered intravenously and the responses B, C, D, E, F and G@ recorded 30, 
70, 84, 130, 200 see and 40 min later, respectively. Apart from one spike, 
those evoked by the ventral-root stimulus were rapidly suppressed and 
remained blocked for the duration of the observation, a second spike 
appearing only in Fig. 2G (i). However, spikes produced by the dorsal- 
root stimulus were slightly reduced in number during the period 60-150 
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sec, but had recovered fully by 200 sec (F). An additional dose of 2 mg/kg 
(H) had no further action upon these spikes. 

Investigations using intravenously administered DHE were limited by 
the necessity of waiting 6-8 hr between doses, especially when these were 
as large as 1-2 mg/kg. Further, doses of this size do not abolish completely 
either the excitant action of electrophoretically applied ACh or the spikes 
evoked by a ventral-root volley. The spike discharges of Fig. 3 were 
recorded near a single Renshaw cell by means of the central barrel of a 
five-barrel electrode and in the sweeps indicated by the filled circles 
responses were elicited either by a maximal ventral-root stimulus (A, £, 
G@, H) or by a maximal dorsal-root stimulus (B, C, D, F). The responses of 
C and G were elicited by ACh and those of D and H by glutamate ion, 
these two substances being applied from different barrels by currents of 


10 msec 


Fig. 3. Spike potentials of a Renshaw cell recorded on film moving parallel to the 
Y axis of the oscilloscope, there being approximately 7 sweeps/sec. The columns 
must be read from below upwards. 

A, E, G, H maximal stimulation of the segmental ventral root; B, C, D, FP, 
maximal stimnulation of the dorsal root, the sweeps in which stimulation occurred 
being indicated by the filled circles. 

C, G, electrophoretic application of ACh from one barrel of the five-barrel 
electrode, the central barrel of which was used for recording the responses; D, H, 
electrophoretic application of glutamate ion (Glut) from another barrel. A-—D, 
control responses before DHE application; BH, recorded 17, 19, 32 and 43 see 
after DHBE 0-5 mg/kg intravenously. Time marker, 10 msec for all records, 1 sec 
for rate of movement of film. 
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100 nA in the appropriate directions. Following the control responses 
A-D, DHBE 0-5 mg/kg was administered intravenously and the corre- 
sponding responses L-H recorded 17, 19, 32, and 43 sec later. Although the 
responses to the ventral-root stimulus were reduced to 3 spikes (£), those 
evoked by the dorsal-root volley (F) were unaltered in number. The 
frequency of firing produced by ACh (@) was reduced by approximately 
25°, when compared with the control responses (C), whilst the firing in 
response to glutamate ions (//) was not significantly diminished. A further 
dose of DHE 0-5 mg/kg failed to influence the spikes produced by the 
dorsal-root volley during the subsequent 10 min. 

Although the failure of DHSE to depress the spikes evoked by the 
dorsal-root volley suggests that ACh is not involved in the synaptic 
responses, these experiments were not conclusive since DHBE failed to 
block all cholinoceptive receptors upon the cells. If it be assumed that 
DH8E is uniformly distributed in the tissues after intravenous injection, 
the maximum local concentration obtained by a dose of | mg/kg is approxi- 
mately 4 10-*m. Higher local concentrations, probably of the order of 
10-*m (Curtis, Perrin & Watkins, 1960), are obtained when this substance 
is passed electrophoretically from a micro-electrode using currents of 
100-200 nA. Moreover, when administered in this manner, DHSE 
effectively abolishes the excitant action upon Renshaw cells of similarly 
applied ACh (Curtis & Eccles, 1958b). The responses of the Renshaw cell 
of Fig. 4 were evoked by a ventral-root stimulus (A-D and /-L), by a 
dorsal-root stimulus and M—P), by ACh (C, G, K, O) and by glutamate 
ion (D, H, L, P). ACh and glutamate ion were passed electrophoretically 
from different barrels of the five-barrel electrode, using a cationic current 
of 70 nA and an anionic current of 110 nA respectively. There was con- 
siderable variation in the number of spikes evoked by the dorsal-root 
stimuli but the records reproduced serve to illustrate the average behaviour 
of the cell under the varying circumstances. After the control responses 
A-H, a current of 120 nA passed DHBE as a cation from another barrel of 
the electrode ; 30 sec later ACh failed to excite this cell (K and O), whereas 
glutamate ion (1 and P) remained effective. The number of spikes pro- 
duced by the ventral-root stimulus (compare B and J) was reduced, whereas 
those evoked by the dorsal-root volley were either unaltered or even in- 
creased in number (£, F, M and N). The DHBE was applied to this cell 
for 3 min, the ventral-root responses being further reduced, whereas no 
further change was observed in either the glutamate or dorsal-root volley- 
evoked spikes. These results are typical of those obtained from fourteen 
cells in ten different preparations. In all cases there was a considerable 
reduction in the number of spikes elicited by a ventral-root stimulus, only 
one to three spikes remaining, whilst, on the other hand, in only one of these 
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cases was the response to a dorsal-root stimulus depressed. It was observed 
however, that frequently the response to a dorsal-root stimulus was actually 
potentiated by DHE, and also that there was often an increase in the 
background discharge rate of Renshaw cells, in spite of the obvious blocking 
action upon the spikes produced by a ventral-root stimulus. Consequently 
it is unlikely that ACh was the chemical transmitter released upon 
Renshaw cells following the volley in dorsal-root fibres. 

Many of the substances listed in Table | were applied electrophoretically 
to Renshaw cells. In addition to the choline esters previously reported as 
excitants of Renshaw cells (Curtis & Eccles, 1958a), some additional 
choline esters with known ACh-like properties were studied (Holmstedt & 
Whittaker, 1958). It was found that propionylcholine, crotonylcholine, 
urocanyleholine, £,8-dimethylacrylylcholine and n-butyrylcholine all 
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Fig. 4. Spike potentials recorded extracellularly near a Renshaw cell by means of 


the central barrel of a five-barre! electrode. 
A-D, I-L, maximal stimulation of the ventral root; Z-H, M-P, maximal 


stimulation of the dorsal root. 
C, G, K, O, electrophoretic application of ACh from one barrel of the electrode 


(70 mA); 
D, H, L, P, electrophoretic application of glutamate ion (Glut) from another 


barrel (100 nA); 
A-H, control responses; J-P, 30 sec after a current of 120 nA commenced to pass 
DH8E from another barrel. Time marker, 10 msec; note faster sweep used for 


records B, F, J, N. 
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effectively fired these cells (see Table 1, Section A). Although a quanti- 
tative analsis of their relative potencies could not be made by the electro- 
phoretic method of application, it was clear that ACh had a much briefer 
action following termination of the applying currents than any of the other 
choline esters. For example, Fig. 5A shows the spikes of a Renshaw cell 
evoked by electrophoretically applied ACh, the spikes produced by ventral- 
root stimulation being illustrated in Fig. 5B. The responses were recorded 
in & manner such that each portion of the figure must be read from the 
bottom to the top. The current applying ACh terminated at the marker 


10 msec 


Fig. 5. A-—D, reaponses of a single Renshaw cell evoked by ventral root (B) and 
chemical (A, C, D) stimulation. (Responses to ventral root shocks also occur in 
two sweeps of A and one sweep of D). They are recorded on film moving in a 
manner such that each portion of the figure must be read from the bottom to the 
top. 

A, discharges produced by acetylcholine which was passed from the electrode 
by a current of 90 nA, this being terminated at A. D, as for A but a current of 
90 nA passed crotonylcholine from another barrel of the electrode; again this 
current ceased at A. C, recorded 8 sec after D. Time marker, 10 msec for all 
records; | sec for the rate of movement of the filrn. 
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in Fig. 5A and the cell had ceased to respond within 14 sec. When crotony!- 
choline was applied from another barrel of the same electrode, the fre- 
quency of cellular response was greater than that produced by ACh, due 
possibly to the slightly larger current used. However, when this current 
was turned off (marker in Fig. 5D) the cell continued to fire at a rapid 
rate and was still responding after 8 sec (Fig. 5C), the responses finally 
ceasing 20sec later. Thus, the effect of this choline derivative is not 
unlike that observed for acety!-8-methyl choline (Curtis & Eccles, 19584, 
Fig. 2). 

In contrast to the excitatory action of the choline esters discussed above, 
y-amino-n-butyryleholine (GABCh) had a marked depressant action upon 
Renshaw cells. The sample of GABCh contained a trace of y-amino-n- 
butyric acid (GABA) as a contaminant. However, even after the 48 hr 
which were necessary for the saturated solution of GABCh to remain in 
the electrode for complete filling (cf. Curtis & Eccles, 1958a), a cationic 
current through the electrode failed to affect the responses of interneurones 
to orthodromic stimulation. Thus it can be inferred that GABCh has no 
effect upon these cells (Curtis & Watkins, 1960) and that furthermore the 
amount of GABA originally present together with that produced in 48 hr 
by hydrolysis was insignificant. Nevertheless, the responses of Renshaw 
cells both to dorsal- and ventral-root stimulation and to electrophoretically 
applied ACh and glutamate ion were all blocked by GABCh. The effect 
was extremely rapid in onset and following the terminaticn of the electro- 
phoretic current the cells recovered within 1-2 sec. The action of GABCh 
on Renshaw cells was thus not unlike that of GABA (Curtis ef al. 
1959) and the relative potencies of these depressants were estimated by 
passing them, as cations, from solutions of pH 3 contained in separate 
barrels of a five-barrel electrode. Tests were made upon several different 
cells, and since applications by equal electrophoretic currents produced 
depressions of similar magnitude and time course, it was concluded that 
GABCh and GABA were approximately equipotent as depressants of 
Renshaw cells. In many cases the depression produced by GABCh was 
followed by both a potentiation of the synaptic responses of the cell and 
an increase in the background discharge rate which persisted for many 
seconds. This excitation was not unlike that produced by the stable 
choline esters. The time course of these actions of GABCh was unaffected 
by the passage of prostigmine or eserine into the vicinity of the cell, 
although both anticholinesterases prolonged the synaptic responses of the 
cell and produced an increase in the background discharge rate. 

All the anticholinesterase substances of Table 1B increased and pro- 
longed the responses of Renshaw cells to both synaptic and applied ACh 
excitation. Thus it can be postulated that, like prostigmine and tensilon 
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(cf. Curtis & Eccles, 19586), NU 683, NU 1250 and 284(C 51 reach the 
synaptic areas upon Renshaw cells after electrophoretic application. 
Methylene blue is an anticholinesterase of lower potency than prostigmine 
(Rentz, 1940; Augustinsson, 1948) and it was of interest to determine if a 
sufficient concentration to affect the responses of Renshaw cells could be 
obtained by the electrophoretic method of application. It was difficult to 
assess the action of this substance, but on several occasions the responses 
of a single Renshaw cell to both ACh and ventral-root stimulation were 
slightly prolonged. 

A variety of blocking agents were investigated (Table 1(), including 
gallamine triethiode (Flaxedil), pentamethonium (C,), hexamethonium 
(C,), arfonad, prestonal, decamethylen-bis-dimethylphenylethylammo- 
nium bromide and hexamine. All these substances reduced the effective- 
ness with which electrophoretically applied ACh or ventral-root volleys 
excited Renshaw cells. Although these agents were applied locally with 
currents of 200-300 nA for many minutes none of them suppressed com- 
pletely the responses of Renshaw cells to a maximum ventral-root stimulus 
(ef. Eccles, Eccles & Fatt, 1956; Curtis & Eccles, 1958)). By the use of 
ventral-root stimuli of graded intensity it was clear, however, that the 
threshold of Renshaw cells to synaptic activation was increased by these 
substances. An accurate comparison of the relative potencies of the 
different blocking agents was not possible, but it was apparent that none 
of them was as potent as DHSE. It has already been reported that the 
excitation of Renshaw cells by cysteate, glutamate or aspartate ions is not 
affected by DHSE (Curtis, Phillis et al. 1960) and this has been confirmed. 
In addition, prestonal and decamethylen-bis-dimethylphenylethylammo- 
nium bromide (van Rossum, Ariens & Linssen, 1958) were also ineffective 
in blocking the excitation of these cells by the amino acids, but suppressed 
the excitation produced by locally applied ACh. 

Of the substances in Table 1D, only pL-carnitine and y-butyrobetaine 
were applied to Renshaw cells, nicotine having been reported previously to 
be a powerful excitant of these neurones (Eccles et al. 1954; Eccles, Eccles 
& Fatt, 1956; Curtis & Eccles, 1958a). pi-Carnitine and y-butyrobetaine 
are structurally similar and it has been shown that certain ester derivatives 
of both substances have ACh-like actions (Hosein & Proulx, 1960). Neither 
of these agents affected the discharge of Renshaw cells. In addition, nor- 
adrenaline and histamine (Table 2) failed to influence the firing of these 
cells. 


Interneurones and motoneurones 
The presence of cholinoceptive cells within the spinal cord, together with 
the results of previous biochemical, pharmacological and histochemical 
investigations of the nervous system, suggested that other interneurones 
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E. Amino acids 
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Substances 


Acetylcholine bromide 
Carbamoylcholine chloride 
Propionylcholine p-toluenesulphonate 
Crotonylcholine iodide 
Urocanylcholine chloride hydrochloride 
8,8-Dimethylacrylylcholine iodide 
n-Butyrylcholine chloride 

Choline chloride 

y-Amino-n-butyrylcholine chloride 
hydrochloride 

ammonium bromide dimethyl- 
carbamate (NU 683) 

m-Hydroxypheny]-trimethylammonium 
bromide N-p-chloropheny!-N- 
methylearbamate (NU 1250) 

1,5-Di( p-N-allyl-N -methylamino- 
pheny!) pentan-3-one dimethobromide 
(284051) 

(3-Hydroxyphenyl)dimethylethyl- 
ammonium chloride (Tensilon) 

Prostigmine bromide 

Methylene blue 

Dihydro-8-erythroidine hydro- 
bromide (DHE) 

Gallamine triethiodide (Flaxedil) 

(+)-Tubocurarine chloride (DTC) 

1,5-Pentane-bis (trimethylammonium 
iodide) (C,) 

1,6-Hexane-bis (trimethylammonium 
iodide) (C,) 

1,10-Decane-bis (trimethylammonium 
iodide) (C,,) 

( 
zolido)-1,2-trimethylenethiophanium 
(+ )-camphorsulphonate (Arfonad) 

3,14-Dioxahexadecane- 1 ,16-bis 
(dimethyl-carbopropoxymethyl- 
ammonium bromide) (Prestonal) 

Decamethylen-bis-dimethylphenyl- 
ethylammonium bromide 

Hexamine acetate 


Nicotine hydrochloride 

pL-Carnitine (hydrochloride){ 
Acetyl-pi-carnitine (hydrochloride) 
B-Propiobetaine (hydrochloride)t 
y-Butyrobetaine (hydrochloride)} 
L-Glutamic acid, sodium salt§ 
L-Aspartic acid, sodium salt§ 
L-Cysteic acid, sodium salts 


* (+), excitation; (—), depression; (0), no action. 

+ See Curtis & Eccles, 19585. 

¢t These substances were dissolved in hydrochloric acid to produce solutions of pH 3 
from which they were passed electrophoretically as cations. 

§ The acidic amino acids were dissolved in 2m sodium hydroxide to produce solutions of 
pH 8 from which they were passed electrophoretically as anions. 
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and even motoneurones might also be cholinoceptive (Feldberg & Minz, 
1932; Schweitzer & Wright, 19376, c, 1938; Merlis & Lawson, 1939; 
Bilbring & Burn, 1941; McKail, Obrador & Wilson, 1941; Calma & Wright, 
1944, 1947; Bilbring, Burn & Skoglund, 1948; Calma, 1949; Feldberg, 
Gray & Perry, 1953; MacIntosh & Oborin, 1953; Rinaldi & Himwich, 
1955a, b; Desmedt & La Grutta, 1957; Hebb, 1957; Bradley & Mollica, 
1958; de Molina, Gray & Palmer, 1958; Giacobini, 1959; Giacobini & 
Holmstedt, 1960). Further, the presence of pseudocholinesterase (cf. 
Koelle, 1955) throughout the central nervous system may possibly be 
taken to indicate that choline esters other than ACh are also important 
mediators of synaptic transmission (cf. Bannister, Whittaker & Wijes- 
undera, 1953). Each of the substances in Table 1 A-D was applied electro- 
phoretically to interneurones, no effect of any substance being observed 
upon either the synaptically evoked spikes or upon the background dis- 
charge of the cells. A total of 140 different interneurones in 16 preparations 
were tested with ACh, one of the other choline esters, nicotine, a choli- 
nergic blocking agent or an anticholinesterase. The failure of these sub- 
stances to influence the cells in any way clearly excludes a choline ester as 
a transmitter upon the cells. Many of the substances of Table 1 A—~D were 
also passed into the environment of motoneurones, there being no obser- 
vable action of any substances upon extracellularly recorded field potentials 
evoked by orthodromic or antidromic stimulation. In addition, ACh was 
passed electrophoretically on to the surface of three motoneurones whilst 
intracellular potentials were recorded simultaneously by means of the 
central barrel of a co-axial electrode (Curtis et al. 1959). Currents of 
the order of 500nA were used to pass ACh from the outer barrel of this 
electrode assembly and no action was observed upon either the resting or 
post-synaptic potentials of motoneurones. In one preparation extra- 
cellular records were obtained of the antidromic spike potentials of three 
small motoneurones, none of which was modified by ACh. 


Other possible transmitter substances 


The preceding sections have dealt with the possible identification of 
ACh as a central transmitter agent. Other substances must also be con- 
sidered, either because of their presence in nervous tissue or because of the 
presence of specific enzyme systems for their synthesis or destruction 
(Crossland, 1957). The electrophoretic method of applying chemical com- 
pounds to neurones is suitable not only for testing possible transmitters 
but also for determining the action of compounds known either to block or 
to potentiate the action of these substances at other receptor sites. The use 
of specific antagonists and enzyme inhibitors may be of considerable 
assistance in identifying a transmitter at a particular junctional region. 
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It is as yet uncertain whether the removal of all central transmitters is 
dependent upon enzymic destruction (Eccles & Jaeger, 1958; Koelle, 1959; 
Roszkowski & Koelle, 1960; Curtis, Phillis et a/. 1960; Curtis, 19615), but 
in view of the importance of cholinesterases in the removal of ACh from 
the region of Renshaw cells, enzyme inhibitors have been used as a routine 
in the present investigation. The non-specific nature of many inhibitors 
has been of assistance, since the possible presence of several enzyme 
systems could be investigated simultaneously. 


Tase 2. Additional substances applied electrophoretically to interneurones 
Action* 


Substances 


Classification 


A (i). Sympathomimetic agents (—)-Adrenaline bitartrate 0 
(—)-Noradrenaline bitartrate 0 
Ephedrine hydrochloride 0 
A (ii). Adrenergic blocking N,N-Dibenzy!-8-chloroethylamine hydrochloride 0 
agents (Dibenamine) 
Ergotamine tartrate 0 
Dihydroergotamine meth Iphonate 0 
Yohimbine hydrochloride 0 
A (iii). Monoamine oxidase Tsonicotinic acid hydrazide (Isoniazid) 0 
inhibitors 1-Jsonicotinoy]-2-isopropylhydrazine phosphate 0 
(Iproniazid) 
B. 5-Hydroxytryptamine and 5-Hydroxytryptamine 0 
antagonists 5-Hydroxytryptamine creatinine sulphatet 0 
Psilocin 0 
Psilocybin 0 
C. Histamine and antagonist Histamine dihydrochloride 0 
Mepyramine maleate 0 
D. See text for reported actions Adenosine triphosphate (ATP) 0 
E. See text for reported action Sodium chloride-hydrochloric acid mixtures +t 
Sodium hydroxide 0 


* +, excitation; 0, no action. + Control experiments with creatinine sulphate alone 
failed to demonstrate any action of the creatinine cation. ~ The cationic current injected 
both sodium and hydrogen ion (see text). Control experiments with NaCl alone demonstrated 
no action of sodium ion. 


The sympathomimetic drugs of Table 24 (i), their antagonists (Table 
2 A (ii)) which block the post-synaptic receptor sites (Nickerson, 1949), and 
substances which inhibit enzymes responsible for the destruction of adrena- 
line and noradrenaline (cf. Zeller, 1959) were all tested following reports 
of the action of these compounds on transmission in the brain and spinal 
cord (Jacobson & Kennard, 1933; Schweitzer & Wright, 1937a; Biilbring 
& Burn, 1941; Bernhard & Skoglund, 1953; Biilbring ef al. 1948; Wilson, 
1956; ten Cate, Boeles & Biersteker, 1959; Kissel & Domino, 1959; Roth- 
baller, 1959; Voorhoeve, 1960). Further, adrenaline, noradrenaline, mono- 
amie oxidase and catechol O-methy! transferase have all been detected 
in central nervous tissue (Birkhauser, 1940; Vogt, 1954; Bogdanski, 
Weissbach & Udenfriend, 1957; Davison, 1958; Axelrod, 1959; Axelrod, 
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Albers & Clemente, 1959; Bertler & Rosengren, 19594, 6). 5-Hydroxytryp- 
tamine (5-HT) and its antagonists (Table 2B) have been reported to have 
central actions following injection into the blood or cerebrospinal fluid 
(Feldberg & Sherwood, 1954; Slater, Davis, Leary & Boyd, 1955; Gaddum 
& Vogt, 1956; Little, Distefano & Leary, 1957; Weidmann & Cerletti, 
1957, 1960). 5-HT also occurs in central nervous tissue (Amin, Crawford 
& Gaddum, 1954) and is enzymically destroyed by monoamine oxidase 
(Bogdanski et al. 1957). Histamine (Table 2C (i)) and mepyramine (2C 
(ii)), an antagonist, were tested following reports by Hausler (1953) and 
Trendelenburg (1957) that histamine stimulates frog motoneurones and 
superior cervical ganglia respectively, and by Kissel & Domino (1959), that 
histamine depressed mammalian spinal reflexes when administered intra- 
venously. Moreover, histamine is known to be present in sensory nerves 
(Kwiatkowski, 1943) and therefore might possibly be liberated at their 
central terminals. Adenosine triphosphate (ATP) has been proposed as 
the antidromic vasodilator substance (Holton & Holton, 1954; Holton, 
1959) and therefore this substance must also be considered as a possible 
transmitter at the central terminals of sensory fibres (Dale, 1935). In 
addition, ATP injected intra-arterially has actions upon spinal reflexes 
(Buchthal, Engbach, Sten-Knudsen & Thomasen, 1947; Emmelin & 
‘eldberg, 1948). 

Each of the substances of Table 2 was applied electrophoretically to at 
least five different interneurones in several preparations. Histamine was 
applied to 36 different interneurones, 5-hydroxytryptamine to 16, nor- 
adrenaline or adrenaline to 63. Particular notice was taken whether the 
substances of Table 2 excited the cells, or whether they blocked or pro- 
longed the synaptic responses. In no case was any effect observed, even 
when currents as high as 200 nA were used to pass them into the environ- 
ment of interneurones for periods as long as 45 sec. It has already been 
reported that p-chloromercuribenzoate ion, an inhibitor of catechol 
O-methyltransferase (cf. Axelrod & Tomchick, 1958) fails to affect spinal 
neurones (Curtis, Phillis et al. 1960). 


Hydrogen and hydroxyl ions 

It has been reported that hydrogen ions excite spinal neurones (Curtis 
et al. 1959). When sodium chloride solutions of 1-2 were acidified with 
hydrochloric acid, so that the final pH was lower than 2, interneurones and 
Renshaw cells could be excited by cationic currents of 100-200 nA. 
Currents in this direction would pass both sodium and hydrogen ions from 
the electrode, the amounts of each being approximately proportional to 
their respective concentrations. Excitation was never observed with sodium 
chloride solutions of pH 2-5 or higher, even when large cationic currents 
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were passed for 30-60 sec. The excitation observed with the low pH 
solutions usually had a latency of 10-30 sec, which is in contrast to the 
latency of 1-2 sec found with the excitant amino-acid ions (Curtis, Phillis 
et al. 1960). This effect probably accounts for the similar type of excitation 
observed when cationic currents were used to pass many of the neutral 
amino acids as cations from solutions of pH 2-5-3. In this case not only 
would a certain amount of hydrogen ion be carried from the electrode by 
the current but hydrogen ion would also be released from the cationic 
form of the amino acid when it reached the external medium (Curtis & 
Watkins, 1960). In contrast to this excitatory action of hydrogen ions, 
ionic currents passing hydroxy! ion from solutions of sodium hydroxide 
were never observed to have any effect upon interneurones, even when the 
solutions were as strong as 2M. 


DISCUSSION 


The electrophoretic technique of applying chemical agents is parti- 
cularly suited to testing possible transmitter agents upon neurones and the 
effect of a variety of substances upon one cell can be determined by using 
an extracellular multibarrel electrode. More detailed information can be 
obtained by the use of co-axial electrodes, for these allow the intracellular 


recording of membrane potential, membrane conductance and excita- 
bility changes whilst a substance is being applied extracellularly. Unfor- 
tunately, however, the routine use of this method is impracticable because 
of the many technical difficulties associated with intracellular recording 
over the comparatively long period of time necessary for making obser- 
vations. Moreover, because the small size of interneurones and Renshaw 
cells limits the time over which intracellular records can be obtained from 
these cells, the use of co-axial electrodes has so far been confined to 
motoneurones. Therefore all substances were tested upon the extra- 
cellularly recorded spike responses of interneurones by using multibarrel 
electrodes, single cells of this type being readily located in the dorsal horn 
and intermediate nucleus of the spinal cord. Extracellular records of the 
spike responses of single motoneurones were not observed as a routine, 
although the action of many substances was determined upon the field 
potentials generated by orthodromic or antidromic activation of groups of 
these cells. 

Thus, not all the substances of Table 1 and 2 were applied to moto- 
neurones and it is relevant, therefore, to consider whether any generali- 
zations can be drawn from the action of a substance upon a relatively 
limited number of interneurones. It cannot be assumed that any one 
neurone is sensitive to only one excitatory transmitter, particularly as 
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Renshaw cells appear to be activated by another transmitter substance 
besides ACh. Neither can it be assumed that a particular compound has 
the same synaptic action at all its sites of release. Thus, although ACh 
produces a depolarization at both the neuromuscular junction of striated 
muscle and at the synapses of axon collaterals with Renshaw cells, the 
conductance change evoked by this agent upon cardiac muscle is different 
(del Castillo & Katz, 1957; Trautwein & Dudel, 1958). It is, however, 
reasonable to postulate that any one neurone produces the same trans- 
mitter at all its terminals (Dale, 1935; Eccles, 1957), although it must be 
remembered that experimental evidence for this exists only for the moto- 
neurone, which releases ACh both at axon collateral endings upon Renshaw 
cells and at the neuromuscular junction (Eccles et al. 1954; Eccles, Eccles & 
Fatt, 1956; Curtis & Eccles, 1958a, 6). When interneurones and moto- 
neurones are excited monosynaptically by impulses in the branches of a 
particular group of afferent fibres, a common excitatory transmitter would 
be involved and its action would be revealed by testing it upon the inter- 
neurones alone. The available evidence indicates that only impulses in the 
Group La muscle afferent fibres excite motoneurones without synaptic 
relay (Eccles, Fatt & Landgren, 1956; Coombs, Curtis & Landgren, 1956; 
Eecles, Eccles & Lundberg, 1957), impulses in the slower conducting 
muscle and skin afferents being relayed via interneurones. In view of the 
complexity of interconnexions within the spinal cord it is probable that 
all the excitatory transmitters which are released upon motoneurones are 
also released upon certain interneurones. In the case of inhibitory trans- 
mitters, which are released only after the prior excitation of inhibitory 
interneurones (Eccles, 1961), the similarity of action of strychnine upon 
all the forms of spinal synaptic inhibition which have so far been tested has 
suggested that a common inhibitory transmitter is involved in the spinal 
cord (Curtis, 1959). Thus, the results of applying chemical substances to 
interneurones can be accepted as a means of detecting possible trans- 
mitters in the spinal cord only in so far as a sufficiently large and random 
sample of the cells is selected. A practical limit has to be placed upon the 
number of cells tested with any one substance and attempts must be 
made to include the various sub-types of interneurones (Eccles et al. 1960). 
Since many substances were similarly ineffective when they were tested 
upon interneurones and motoneurones, testing by the application from 
co-axial electrodes upon motoneurones was performed only with those 
substances that acted as excitants or depressants when applied extra- 
cellularly to interneurones. Such a test is essential for substances 
depressing the responses of cells, for only by intracellular recording can 
the mechanism of such depression be shown (Curtis ef al. 1959). 

The failure to demonstrate any action of the substances of Table 1 A—D, 


: 
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upon a large number of interneurones, and the inactivity of ACh when 
applied to several motoneurones, makes it unlikely that choline esters are 
transmitter substances at synaptic junctions upon interneurones and 
motoneurones (cf. Eccles, 1946). In addition, the failure of the substances 
of Table 2 to influence the behaviour of interneurones makes it improbable 
that noradrenaline, adrenaline, 5-HT, ATP or histamine act as inhibitory 
or excitatory transmitter substances to these cells. It is unlikely that the 
absence of observable effects of these substances was due to insufficient 
amounts being applied from the electrode. Although it is a disadvantage 
of the electrophoretic technique that concentrations of the substances 
obtained at the neuronal membrane are not known with accuracy (Curtis, 
Perrin & Watkins, 1960; Curtis & Watkins, 1960), nevertheless, the 
readiness with which ACh and other choline esters excited Renshaw cells 
makes it likely that other suitably ionized substances would also reach 
extracellular concentrations of sufficient magnitude to produce effects, 
if the substances were indeed transmitters or closely related to transmitters 
(ef. Curtis & Koizumi, 1961). It is probable therefore that the reported 
actions upon spinal reflexes of noradrenaline, adrenaline, 5-HT, histamine, 
ATP and ACh all arise indirectly and not by a direct interaction with the 
transmitter receptors concerned in the reflex pathway, The reported 
actions of these substances elsewhere in the central nervous system may 
also be indirect. Following intra-arterial, intravenous or intrathecal 
administration, the site of action of a substance cannot be determined 
with any precision; and the effects observed upon a particular system of 
neurones may arise, for example, because of alterations in the behaviour 
of sensory receptors having synaptic connexions with the cells under 
observation (cf. Nakao, Ballim & Gellhorn, 1956). ACh, ATP, histamine 
and 5-HT are powerful excitants of certain peripheral receptors (Emmelin 
& Feldberg, 1948; Brown & Gray, 1948; Armstrong, Dry, Keele & Markham, 
1953; Douglas & Gray, 1953; Gray & Diamond, 1957; Gray, 1959), and 
may, in addition, produce localized vascular changes which could also 
influence neuronal behaviour. It is also possible that changes observed 
in certain neurones arise indirectly as a consequence of their synaptic con- 
nexion with other neurones, which themselves are directly affected by the 
applied agent. Thus the depression of spinal reflexes which is produced by 
intra-arterially injected ACh (Curtis et al. 1957) is presumably a result of 
the activation of Renshaw cells which inhibit motoneurones. With some 
substances the existence of the blood-brain barrier may prevent the access 
of blood-borne substances to central neurones. For example, recent 
investigations suggest that neither adrenaline nor 5-HT penetrates this 
barrier to any significant degree (Weil-Malherbe, Axelrod & Tomchick, 
1959; Wooley & Shaw, 1954). In some cats ACh itself may also fail to 
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reach synaptic receptors upon Renshaw cells after intra-arterial injection 
(Eccles et al. 1954; Curtis et al. 1957). 

It has been reported that intra-arterially injected ACh modifies the 
behaviour of certain spinal interneurones when precautions have been 
taken to prevent afferent impulses from the periphery reaching the 
neurones (de Molina, Gray & Palmer, 1958). This action of ACh was re- 
duced by anaesthesia and consequently it is possible that in the present 
experiments pentobarbital may have modified the responses of neurones 
to this substance. However, even with moderate doses of pentobarbital 
sodium, Renshaw cells are still activated by electrophoretically applied 
ACh and the frequency of firing which can be attained indicates that local 
concentrations of ACh are obtained which exceed those resulting from 
intra-arterial injection (cf. Curtis & Eccles, 1958a). It is therefore unlikely 
that pentobarbital could conceal an excitatory action of ACh upon inter- 
neurones, and it is possible that the results of de Molina et al. (1958) are a 
consequence of the activation of Renshaw cells by the injected choline 
ester. Wilson (1959) has observed that antidromic impulses in ventral-root 
fibres not only inhibjt motoneurones, as a result of the discharge of 
Renshaw cells (Eccles ef al. 1954), but may also facilitate the discharge 
of the anterior horn cells. The experimental evidence suggests that in 
addition to forming synapses upon motoneurones the axons of Renshaw 
cells also form synapses with certain interneurones which, by their 
discharges, are tonically inhibiting motoneurones (Wilson, Diecke & 
Talbot, 1960). Thus, the firing of Renshaw cells can result in the dis- 
inhibition of motoneurones, which is observed as an apparent excitation. 
The greater susceptibility to anaesthetic agents of this recurrent facilita- 
tion, compared with that of recurrent or antidromic inhibition (Wilson & 
Talbot, 1960), indicates the more complex interneuronal network in the 
excitatory pathway and presumably accounts for the failure of Curtis et al. 
(1957) to observe any facilitatory action of intra-arterially injected ACh 
upon spinal reflexes. It is not unreasonable to consider that some inter- 
neurones are also tonically depressed by inhibitory interneurones upon 
which Renshaw cells form synapses. Consequently the excitation of non- 
cholinoceptive interneurones could follow the intra-arterial injection of 
ACh as a result of the activation of Renshaw cells. An alternative explana- 
tion of the apparent disagreement between the present observations of the 
failure of choline esters to activate interneurones and those of de Molina 
et al. (1958) is that in the present experiments insufficient neurones were 
sampled and cells of the type discussed by de Molina et al. were not 
amongst those tested for their sensitivity to electrophoretically applied 
ACh. This is unlikely, since in both series of investigations records were 
obtained from those areas of the dorsal horn containing neurones excited 
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by volleys in cutaneous and high-threshold muscle afferent fibres (Coombs 
et al. 1956; de Molina & Gray, 1957). 

The results obtained with Renshaw cells (cf. Table 1) do not allow 
definite conclusions to be made concerning the chemical excitation of these 
cells, except for those observations which confirm that some at least of 
the receptors are cholinoceptive. Thus a series of choline esters, some of 
which de not naturally occur in the mammalian central nervous system, 
has been shown to excite these cells. Characteristically, all had a longer 
duration of action following the termination of the electrophoretic current 
than did ACh. This phenomenon is possibly due, at least in part, to the 
expected ineffectiveness of acetylcholinesterase towards these esters, but 
it may also reflect the relative stabilities of the complexes formed by the 
different choline esters and the receptor sites. If enzymic destruction is 
the predominant factor determining the duration of action of the choline 
esters, the prolonged action of n-butyrylcholine, in particular, would 
imply that the concentration of pseudocholinesterase in the region of 
Renshaw cells is probably low, for this enzyme effectively hydrolyses 
n-butyrylcholine (Stedman, Stedman & Easson, 1932). In this con- 
nexion the use of ‘selective’ cholinesterase inhibitors (Table 1B) would be 
of value only in conjunction with definite evidence of the selectivity, for 
there are differences in the action of substances such as NU 1250 and 
284C51 upon the cholinesterases of different animals (Hawkins & Gunter, 
1946; Hawkins & Mendel, 1949; Feldberg, 1957), and, in addition, the 
selectivity is not always complete. Although it has been reported that in 
the cat NU 1250 and 284C51 inhibit acetylcholinesterase to a greater 
extent than pseudocholinesterase, whereas NU 683 has the opposite action 
(Desmedt & La Grutta, 1957), the potentiation by these three agents of 
the discharges of Renshaw cells evoked by ventral-root volleys and by 
electrophoretically applied ACh does not necessarily allow the conclusion 
that both enzymes participate significantly in the destruction of ACh 
around Renshaw cells. The concentrations of the inhibitors attained by 
the electrophoretic method cannot be known with accuracy (cf. Curtis, 
Perrin & Watkins, 1960), and it is possible that under experimental con- 
ditions concentrations were reached which were too high to permit selective 
inhibition by any one of the inhibitors, and that critical inhibition of true 
acetylcholinesterase resulted in each case. Methylene blue had but a 
minimal effect upon the responses of Renshaw cells, which correlates with 
the much higher concentration of this substance, compared with prostig- 
mine, that is necessary for cholinesterase inhibition. 

The depressant action upon Renshaw cells of the ‘blocking’ agents of 
Table 1C parallels their actions either at the neuromuscular junction or at 
autonomic ganglia. The pattern of firing of Renshaw cells indicates that 
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there is an initial intense phase of transmitter action following a ventral- 
root volley and consequently the failure of the blocking agents to depress 
the first few high-frequency responses evoked by a maximal ventral-root 
volley is almost certainly due to the high initial concentration of synapti- 
cally released ACh. The responses evoked by just-threshold ventral-root 
volleys are readily blocked by DHBE, and there is no reason to consider 
that the failure of DHE to block responses evoked by maximal volleys 
indicates that another non-cholinergic transmitter is involved. 

The observation that in some preparations the excitation of Renshaw 
cells by both dorsal- and ventral-root voileys was blocked by DHSE and 
potentiated by eserine indicates that the active synapses in these instances 
were purely cholinoceptive. However, in many preparations, although 
DHBE almost completely abolished the firing evoked by a ventral-root 
volley, this substance failed to affect and occasionally even potentiated 
the dorsal-root-evoked firing of the same cell. It is probable that after a 
dorsal-root volley Renshaw cells are fired, not only as a result of impulses 
in motor axon collaterals, but also by impulses in afferent fibres either 
directly or after relay through interneurones. If these latter types of 
excitation be cholinergic, the inability of DHBE to block the cellular 
responses may be due to a morphological difference between the synapses 
involved and those at the terminals of motor axon collaterals, which 
prevents DHE from penetrating into the sub-synaptic region. On the 
other hand, the inability of DHBE to affect the dorsal-root-evoked re- 
sponses in some animals indicates that motor axon collateral terminals are 
not involved and that some substance other than ACh may be responsible 
for the excitation. Further confirmation of the non-cholinergic nature of 
the chemical substance released at some of the excitatory synapses upon 
Renshaw cells will necessitate the use of more powerful cholinergic blocking 
agents, none of those used in the present experiments being as effective as 
DHE. It must be pointed out that atropine and procaine are not suitable, 
since both of these substances have direct actions upon the spike-generating 
mechanisms of neurones, in addition to their blocking action at cholinergic 
synapses (Curtis & Phillis, 1960). In the absence of further evidence there- 
fore, there is a strong possibility that in addition to ACh, at least one other 
excitatory transmitter acts upon Renshaw cells. 

The action of GABCh was of interest, since this substance has been 
reported to be present in mammalian central nervous tissue (Kewitz, 1959; 
Tabachnick, 1960). In addition, Takahashi, Nagashima, Koshino & 
Takahashi (1959) have found that GABCh is a more potent depressant of 
cortical activity than GABA, although these observations were not con- 
firmed by Honour & McLennan (1960). Although it had no action upon 
interneurones this choline ester depressed the synaptic, ACh and gluta- 
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mate-evoked spikes of Renshaw cells. Its action upon these cells is there- 
fore identical with that of GABA (Curtis et al. 1959) and the two sub- 
stances were approximately of equal potency. Following the termination 
of the GABCh application and of the depression it produced there was 
often a prolonged excitation such as has been observed for certain of the 
choline esters. This excitation is not unexpected, since GABCh has ACh- 
like properties at other cholinergic synapses (Holmstedt & Sjéqvist, 1960). 
The blocking action of GABCh is not due to excessive depolarization, since 
there was no evidence of any excitation of Renshaw cells preceding the 
depression. The fact that GABA is one of the products of hydrolysis of 
GABCh suggests immediately that the depression produced by the ester 
resulted from its conversion to GABA. Hydrolysis within the electrode 
was not of sufficient magnitude to account for the depression, since inter- 
neurones were not affected and both substances were approximately 
equally effective as depressants of Renshaw cells, despite the very small 
amount of GABA which contaminated the sample of GABCh. Within the 
extracellular fluid the enzymic production of GABA from GABCh by both 
acetyl- and pseudo-cholinesterase would be expected to be minimal 
(Tabachnick, 1960; Holmstedt & Sjéqvist, 1960) and the failure of prostig- 
mine and eserine to influence the depression produced by this substance 
makes it extremely unlikely that significant enzymic hydrolysis by these 
esterases takes place. One explanation of these results is that an enzyme is 
located in the environment of Kenshaw cells which is not inhibited by 
either prostigmine or eserine but is capable of effecting the rapid hydrolysis 
of GABCh. The GABA so produced would depress the neurones, but 
following the termination of the electrophoretic current the depression 
would be of relatively short duration (Curtis et a/. 1959), and would then 
be replaced by the excitatory action of the unhydrolysed choline ester 
which had interacted with cholinoceptive receptors. 

The finding that a lowering of the pH of the extracellular fluid excited 
interneurones was not unexpected, since nerve fibres are also depolarized 
under the same conditions (Straub, 1956; Dettbarn & Stiaimpfli, 1957; 
Shanes, 1958; Spyropoulos, 1960). An estimate of the pH attained cannot 
be given, since the final level will depend on the rate of electrophoretic 
application of H* and the buffering capacity of the extracellular fluid. The 
excitation may reflect direct alterations of pH-dependent chemical 
equilibria existing between the membrane and the extracellular fluid, upon 
which the functional integrity of the membrane may depend. Alternatively, 
the decrease of pH may alter levels of endogenous active substances within 
the extracellular space either by causing their liberation from bound forms 
or by effecting enzyme systems in which they are involved. 
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SUMMARY 


1. Acetylcholine, adrenaline, noradrenaline, 5-hydroxytryptamine, 
ATP and histamine have been applied electrophoretically to the extra- 
cellular environment of neurones of the lumbar segments of the spinal 
cord of cats lightly anaesthetized with pentobarbital sodium. In addition, 
compounds inhibiting enzymic removal of these substances or blocking 
their action in other test situations were similarly applied. 

2. The excitation of Renshaw cells by choline esters, the depression of 
the cell responses by cholinergic blocking agents and their prolongation 
by anticholinesterases further support the postulated cholinergic nature of 
the activation of these cells by volleys in the ventral root. 

3. Positive evidence that ACh is the only excitatory transmitter agent 
activating Renshaw cells is lacking, some observations pointing to the 
existence of an additional non-cholinergic transmitter which is released 
upon these cells following excitation of dorsal root afferent fibres. 

4. None of the substances tested had any action upon motoneurones or 
interneurones except hydrogen ion and amino-acid anions. 

5. y-Amino-n-butyrylcholine has both excitatory and depressant actions 
upon Renshaw cells but does not affect interneurones. 
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The kinetics of movement of cations between muscle cells and their 
environment has been the subject of much work in recent years. The 
largest part of this work has been on the muscles of frog, and reiatively 
little attention has been paid to mammalian tissues other than diaphragm 
(Creese, 1954, 1960). The present study extends some earlier work 
(McLennan, 1955) with mammalian skeletal muscle, and compares also 
the behaviour of normal tissues and those derived from animals which had 
developed an inherited muscular dystrophy. 


METHODS 


The mice used were from a pure strain maintained at the University of British Columbia 
derived from the Bar Harbour 129 strain. This strain develops a disorder of muscle trans- 
mitted as an autosomal recessive trait which closely resembles human progressive muscular 
dystrophy both genetically and histologically (Michelson, Russell & Harman, 1955). Litter- 
mates which did not develop the condition provided normal controls. 

All experiments were carried out in vitro with m. gastrocnemius weighing 15-25 mg. The 
tissues were excised, weighed on a small torsion balance and incubated by allowing them to 
float freely in approx. 50 mil. of the desired saline medium in a bath set at 35° C. To measure 
the uptake of. labelled ion the muscles were removed at intervals from the incubation 
medium, rinsed for exactly | min in a solution of identical ionic composition but without 
radioactive tracer, and placed beneath an end-window Geiger—Miiller tube. Care was taken 
to ensure that the geometry of the relationship between tissue and detector was the same 
for each measurement. After counting for three | min periods the tissues were returned to 
the incubation mediurn. 

At the end of the experiment the tissue was dissolved in a few drops of concentrated nitric 
acid, diluted to 2 ml. and the radioactivity of the solution compared to that of a dilution of 
the incubating fluid. In this way a cross-relationship between K in the tissue and counts 
per minute could be established. The same solution of the muscle was used for analysis of 
the total tissue Na and K by the use of a flame photometer. 

The isotope used was "K. Its disintegration was detected with the aid of a Geiger 
Miiller tube connected to a scaler unit. All radioactive counts were corrected for decay, 
background and resolution time of the counter-scaler combination. 

The solutions used for incubation were variants upon one containing (m-mole/l.): Na 144, 
K 6, Ca 2, Mg 1, Cl 134, HCO, 20, SO, 1, glucose 10, and vigorously bubbled with 95% 
O, + 5% CO,. That this condition was adequate for maintenance of the normal metabolism 
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of the muscles was inferred from the constancy of the tissue K (see Table 1, below). Alter- 
ations in K content were balanced by changes in the Na. The medium with 18 mm-Na con- 
tained 126 mm choline; that with 288 mm-Na was hypertonic, with a chloride concentration 
of 278 mo and other constituents as above. 


THEORY 


The exchange of muscle cell K is here regarded as being a two-stage 
process. The first step is regarded as being an exchange between ions in the 
surrounding fluid (the extracellular space) and others absorbed in an 
outer region of the tissue, and the second the diffusion from the absorbed 
layer into the cell interior, this latter being balanced by an equal outward 
diffusion from the interior reservoir. The exchange process, then, is one in 
which no net change of the concentration of K in the tissue occurs. Evi- 
dence in support of such a concept for the movement of Na in mammalian 
muscle has already been presented (McLennan, 19585). 

The model which we have used is the same as that discussed in detail 
by Harris & Sjodin (1961) for frog skeletal muscle. It is essentially a three- 
compartment one, with the compartment intermediate between the extra- 
and intracellular fluids, within which movement is slow, having ion- 
exchange properties. Harris and Sjodin have shown that two extreme 
cases are possible: (a) when the ions on the outer layer of the ion-exchange 
compartment exchange with those in the solution much more rapidly than 
they do with those in the deeper layers, and (b) when internal exchange is 
more rapid than passage from the solution into the outer region, and this 
surface resistance rather than equilibration of the compartment deter- 
mines the rate of exchange. The second case is that of the ‘classical’ resis- 
tive membrane. The model of case (a) is that used here, i.e. the rate of 
equilibration of the ion-exchange compartment is the limiting step which 
will determine the rate of K exchange. 

The theoretical implications of this model have been discussed by Harris 
and Sjodin, who have shown that (1) the exchange process should conform 
to the ordinary diffusion laws, (2) the equilibration is independent of the 
internal diffusivity ())) provided that r?8/D < 1 (where ‘r’ is the radius of 
a cylinder or sphere or one half the thickness of a sheet exposed on both 
sides), and (3) plotting uptake against a function of £.t will approximate 
all curves to one. Since in the present case 8 = (a constant x the external 
K concentration (K¢)), plotting the uptake of tracer K against a function 
of Ke. should similarly give a single curve. In this paper uptakes of 
labelled K have been plotted against (K,.t)', which gives a linear relation- 
ship for much of the exchange. 
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RESULTS 


Potassium exchange 


Exchange of an ion in this paper means movement which takes place in 
the absence of a net change in the total tissue content of that ion. Experi- 
ments were first of all performed to discover whether or not under the 
conditions used in this study a reasonable constancy of the total tissue K 
and Na could be expected. Muscles were incubated for periods of 2 hr in 
media containing 2, 6 and 12 mm-K, and analyses for Na and K compared 
with those obtained for fresh, unincubated muscles. Some muscles were 
treated exactly as were those used in the tracer experiments, i.e. they were 
removed at intervals into the air for 3 min periods. This procedure had no 
apparent effect on the cation contents of the muscles. The water content 
of each muscle was determined, and the results (Table 1) are expressed in 


Taste |. The effect of incubation in solutions of varying K concentration on the Na and K 
content of mammalian muscle 


Concentrations are expressed in m-mole/l. of intracellular water, +s.". of the mean 
(no. of determinations in parentheses). The average values per kg. fresh weight of tissue, 
after correction for the small amount of swelling, are also shown. 


Na K 


per kg. per |. fibre ; per kg. per |. fibre 
fresh wt. water fresh wt. water 


Fresh muscle 67-9 23-7 + 1-6 (10) 86-3 111-7+1-5 (11) 


Incubated 2 hr in 

2 mu-K 71-4 27-1+1-9 (11) 85-2 108-2 + 1-7 (13) 
Incubated 2 hr in 

6 mu-K 66-3 22-5+ 1-1 (11) 89-2 113-3 + 1-0 (12) 
Incubated 2 hr in 

12 53-8 74418 (6) 102-5 126-341-2 (7) 


terms of m-mole/!. of intracellular fluid, a correction having been applied 
for the cation content of the extracellular space which, for normal tissues, 
was taken as 33°, of the fresh weight of the muscle (Fig. | in Burr & 
McLennan, 1960). The results show that at 6 mM K, no change in tissue 
cation was observed and that at the lower and higher K concentrations the 
tissue K was lowered or raised respectively by about 5 and 12°, the intra- 
cellular Na concentration changing in the opposite direction. 

Tracer uptake experiments were made in solutions containing 2, 6 and 
i2 mM-K, and the results plotted against (K,.t)' as abscissa are shown in 
Fig. 1. The points fall approximately on a straight line which must have a 
non-linear portion at low values of (K,.t)*. Correction has been made for 
the amount of K contained in the extracellular space, assuming that 50°, 
of it would have been removed during the 1 min rinse of the tissue which 
was given before assay of the radioactivity (McLennan, 1958a). The line 
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drawn has been calculated by the method of least squares and has a slope 
of 0-98 wequiv/g/(mM. min)* (s.e. of the regression coefficient, + 0-03). 

In the range of K, of 2-12 mm, then, when little net change of the K of 
the tissue has occurred, K exchange is not incompatible with the relation- 
ship predicted by the model discussed above, in which the rate-controlling 
process is the equilibration of an absorbed layer of K. 
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Fig. 1. The uptake of labelled K (K*) by normal mouse skeletal muscles, incubated 
at 35° C in media containing 2 (@), 6 (©) and 12( x ) mM potassium ion. The line has 
been calculated by the method of least squares. The 112 points are from 19 experi- 
ments. The correlation coefficient (r) for the calculated line is 0-952, corresponding 
to a probability (P) < 0-001. The residual variance about the line is 3-17 wequiv/g K*. 


The effect of sodium concentration on K exchange 


An interdependence of Na and K movement in mammalian muscle has 
earlier been demonstrated (McLennan, 1957), as is the case also in other 
muscles which have been studied (e.g. Steinbach, 1954). In the present 
investigation the effects of changes in the external concentration of Na 
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have been observed, and the results are shown in Fig. 2. Two solutions 
in which Na, was changed from the normal have been used, one with 
Na, = 18mm and the other Na, = 288 mM. 

When K* uptake is plotted against (Ke.t)' for these two solutions 
the points fall on two lines (the continuous lines in Fig. 2, calculated by the 
method of least squares). The interrupted line in the figure represents the 
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Fig. 2. Uptakes of labelled K by muscles incubated in solutions of 288 ( x ) and 
18 (©) m™ sodium ion. The continuous lines have been calculated by the method 


of least squares, and the interrupted line is from Fig. 1 (144 mM-Na,). 


line from Fig. 1 (144 mm-Na.). The slopes of these lines are: 1-02 equiv/ 
g/(mM.min)* in 288 mm-Na, (s.£.+0-08, 57 points); 0-98 pequiv/g/ 
(mm.min)' in 144 mM-Na, (as before); and 0-80 wequiv/g/(mM.min)* in 
18 mm-Nae (S.£. + 0-08, 51 points). The difference between the regression 
lines is significant at the 1 °, level when the uptakes of K in the normal and 
in the low-Na media are compared. The slight tendency for the exchange 
to be enhanced in the presence of raised Na is not a significant effect. 
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Potassium exchange in dystrophic muscles 
Figure 3 illustrates the results obtained when K exchange was followed 
in muscles from dystrophic mice. The degree of affliction of the animals 
was not the same in all cases and no attempt has been made to correlate 
exchange with the extent of the pathological lesion. 
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Fig. 3. Uptakes of labelled K by dystrophic muscles from media containing 2 (@), 
6 (©) and 12 (x) m™ potassium ion. The continuous line has been calculated by 
the method of least squares, and the interrupted line (from Fig. 1) is for normal 


muscles. 


The uptakes of K from the three solutions used (2, 6 and 12 mM) again 
fall along a single line when plotted against (K..t)'. The calculated regres- 
sion line has a slope higher than that obtained with normal tissue, being 
1-33 pequiv/g/(mM. min) (s.£. + 0-06, 69 points) compared with the normal 
0-98 wequiv/g/(mM.min)'. This difference is significant at the 0-1 °% level. 
Fresh dystrophic muscles tend to have a slightly lower K content than the 
normal (104-2 + 2-6 m-mole/I. intracellular fluid (s.g., 12 determinations) in 
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contrast with the normal 111-7 m-mole/l.), and there is a tendency for a net 
loss of K to occur during incubation even in a solution containing 6 mm-K. 
The lower K content of dystrophic muscle has been reported also by other 
workers (e.g. Baker, Blahd & Hart, 1958). The increased rate of exchange 
of K in the dystrophic tissues cannot then be attributed to a net gain of K 
giving a falsely high slope to the line. 

A few experiments only have been carried out in which K exchange in 
dystrophic muscles was measured in the presence of an external Na con- 
centration of 288 mm. The slope of the line was 1-51 wequiv/g/(mm.min)*, 
but this change, as in the case of normal muscles, is not significantly 
different from the value of 1-33 wequiv/g/(mm.min)* found after incuba- 
tion in the normal Na medium. 


DISCUSSION 


The results obtained for the exchange of K in mammalian skeletal 
muscle have been shown to obey the type of relationship predicted by 
application of the Harris & Sjodin (1961) model. Some earlier work with 
mammalian muscle (McLennan, 1955) and other muscle tissue (Harris, 
1953) had demonstrated that it was impossible to fit the experimental data 
by a single exponential law, such as is required by a system in which the 
internal and external reservoirs are separated only by a thin resistive 
membrane, and the same is true of the present results. They can be roughly 
fitted by an expression involving the sum of two exponential terms, but in 
this case the fraction of the total tissue K apparently participating in the 
exchange is less than unity at low Ke, and rises as the K concentration of 
the bathing medium is increased (Harris, 1953; McLennan, 1955). Harris 
& Sjodin (1961) have shown that this difficulty does not arise with the 
present model in which the ‘membrane’ is allowed to have a definite 
capacity for K, for the diffusion of an ion through the ion-exchange layer 
requires a series of exponential terms to describe it. 

Creese (1960) has shown that, in isolated diaphragms, an hypoxia of the 
fibres in the centre of the tissue can result in a curve for outward movement 
of K which is fitted by two exponential terms. However, this finding was 
associated with a net loss of K from the tissue, and this situation (in 
solutions with K, > 6 mM) did not arise in the present experiments. The 
effect of inter-fibre diffusion on the equilibration of the cellular K is less 
certain. In earlier experiments on larger muscles, but incubated at a lower 
temperature (20° C), there was no detectable effect of muscle thickness on 
the exchange (McLennan, 1955); on the other hand Creese (1960) had 
evidence that the exchange may be diminished by intercellular diffusion, 
and the effect would be more pronounced at the higher temperature used 
here when the exchange process is more rapid. Since the model used for 
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the analysis of the present results requires that the exchange must follow 
diffusion laws, an intercellular diffusion could not be distinguished from it. 
It seems improbable, however, that this diffusion would be so retarded as 
to become the rate-controlling process (see also McLennan, 1958a). 

The observation that lowering the external concentration of Na reduces 
K exchange is at variance with the results of Harris & Sjodin (1961), who 
considered that there was no effect of lowering Nae. The effect cannot be 
attributed to a loss of tissue K : after 2 hr incubation in 18 mm-Na solution 
analysis showed that the tissue K was 114-0 + 1-6 m-mole/I. (s.8., 8 deter- 
minations) compared with 113-3 m-mole/l. in 144 mm-Na. It is possible 
that the effect is related to changes in muscle calcium. Thus Niedergerke & 
Harris (1957) observed that frog ventricle had an enhanced uptake and 
reduced output of Ca in solutions of low Na, and Gossweiler, Kipfer, 
Poretti & Rummel (1954) have shown that K movement is impeded by 
high Ca. This possibility will be the subject of future experiments. A 
similar reduction of K uptake by rat muscle from low-Na solutions was 
noted earlier (McLennan, 1957). 

The increased K exchange found with muscles from dystrophic animals 
presumably reflects again the increased ‘ permeability’ of these cells. Thus 
Zierler (1958) has shown that such muscle cells are permeable to molecules 
of aldolase, and Burr & McLennan (1960) had evidence of a marked pene- 
tration of inulin into the cells. With the present model of the muscle 
membrane the increased exchange must mean an increased rate of equili- 
bration of the ion-exchange layer. 

Harris & Sjodin (1961), from observations of normal and swollen frog 
muscles, concluded that part of the ion-exchange compartment might be 
situated in the sarcoplasmic reticulum. The earliest change occurring 
during the development of muscular dystrophy in mice has been found to 
be vacuolation of the reticulum close to the I band, which progresses until 
much of the reticulum is vacuolated (Grant, 1960). It seems possible that 
the increased K exchange observed here might reflect a smaller effective 
size of the ion-exchange compartment, with a consequent more rapid 
equilibration with the K of the external environment. 


SUMMARY 


1. The uptakes cf labelled potassium ions by mammalian skeletal 
muscles from solutions of varying K concentration have been followed. It 
has been shown that by plotting uptake against the function (external K 
concentration x time)! a single curve for several values of the external 
potassium is obtained when there is no net gain of K by the tissue, and that 
this curve is linear for much of its course. 
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2. A lowered external sodium ion concentration reduces the rate of K 
exchange; raising Nae may slightly increase it. 

3. The exchange of K in dystrophic muscles is faster than in normal. 

4. The results conform to the model proposed by Harris & Sjodin (1961), 
in which the rate of K exchange is controlled by the equilibration of a com- 
partment interposed between the internal and external milieus. 


We are deeply indebted to Dr E. J. Harris, University College London, for allowing us to 
make use of his material before publication and for much helpful discussion. This study 
was supported by a grant to H.McL. from the Muscular Dystrophy Association of Canada. 
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Previous investigations of cutaneous mechanoreceptors have been 
mainly concerned with the properties of sensory adaptation, response 
latency and discharge frequency related to stimulus strength. Less 
attention has been given to measurements of threshold or to the processes 
of recovery and fatigue, which are the subjects of the present paper. The 
most rewarding method of studying receptor function is that of recording 
the receptor potential, as the many studies on the Pacinian corpuscle have 
shown. This method, however, is only applicable to specially favourable 
receptors, and a technique for recording receptor potentials from free 
nerve endings has yet to be worked out. In the present work functional 
isolation of single receptors was achieved by localized stimulation rather 
than by single-fibre dissection, thereby permitting a large number of 
observations on the same preparation, by which means the properties of 
different receptors could be compared. The definition of a mechanoreceptor 
adopted is that of any receptor which responds to a small mechanical dis- 
placement. There is evidence that some receptors may respond to more 
than one type of stimulus, e.g. to thermal as well as mechanical stimuli 
(Hunt & McIntyre, 1960). Noattempt was made to discover such behaviour 
in the present work. A recent study of toad-skin tactile receptors (Lind- 
blom, 1958) covers some of the same ground, but differs in treatment and 
emphasis. 

A brief report has already appeared (Catton, 1960). 


METHODS 
Preparation and mounting 
A rectangular piece of calf skin of the frog (Rana temporaria) about 2 em x 3ecm was 
dissected out, together with its nerve branch and a short section of peroneal nerve from which 
it arises. It was washed in Ringer's solution and transferred to the skin chamber, of which 
two types were used. In the first type the skin was mounted outer-surface-downwards, 
lying on a silver plate, so that the nerve could be looped over silver wire electrodes above. 
A flap of skin was folded back to give access to the outer surface for stimulation, and the 
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Fig. la. Diagram of stimulator and chamber for skin-nerve preparation. The 


chamber shown was used for warming and cooling experiments and for antidromic 
stimulation, the skin being fixed inner-surface-upwards. The nerve was placed over 
two pairs of electrodes, pair (2) for recording and pair (y) for antidromic stimulation. 
In use the nerve was covered with liquid paraffin. 

6. Second type of chamber used, with outer surface of skin uppermost. The nerve 
was drawn through a hole in the supporting Perspex and placed over a pair of re- 
cording electrodes below. Moist air was passed through the lower chamber and a pair 
of movable lids were used over the upper chamber to retain this air over the skin. 
C, Rochelle salt crystal, Cosmocord Ltd., Type 85545; cap., small capacitor formed 
by one plate fixed to the Perspex support, the other plate fixed to the free corner of 
the crystal; c.p., voltage pulse from main stimulator; c.r., connexions to capacity 
recorder; E, earth; e.p., voltage pulse applied directly to stylus; fl. circ., fluid 
circulation; m, mechanical stage mechanism for traversing the skin chamber; 
N, nerve; R, microscope rack ; S, skin stylus; sk., skin preparation; 8.p., silver plate. 
x, recording and y, nerve stimulation electrodes. 
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preparation was covered with liquid paraffin to prevent drying. This type of chamber was 
provided with copper coils under the base plate, for warming and cooling the preparation 
(Fig. 1). Temperature was measured by a thermistor in a bridge circuit, the response time 
being about 10 sec. The second type of chamber allowed mounting of the skin inner-surface- 
downwards, giving access to the whole outer surface for stimulation, the nerve being drawn 
through a hole in the base plate and looped over electrodes below; there were no facilities 
for temperature control. Drying of the nerve was prevented by passing a stream of moist 
air through the chamber. 

The skin nerve branch (ramus cutaneus cruralis medius) was dissected free from the 
peroneal trunk for a distance of about | cm, and was also carefully excavated from the dermal 
tissues for a short distance. By these measures the size of the recorded action potentials was 
increased. Preparations were washed several times in Ringer's solution before use. Some 
were kept up to 24 hr at 5° C with no detectable effects on their sensory properties; one was 
kept for 8 days at 5° C and still gave satisfactory responses. 


Stimulation and recording 

The solenoid-driven stimulator described in earlier work (Catton, 1958), although capable 
of delivering larger displacements than can be achieved by the use of a crystal, had a long 
natural period due to its inertia and lack of stiffness. It was not possible to obtain deflexions 
of a period shorter than about 10 msec, including residual oscillations. In the present work, 
where it was required to follow the early time course of excitability changes, a Rochelle-salt 
crystal was used, and in order to obtain a large deflexion one of large size (2-7 cm*) wasemployed. 
It was mounted conventionally with three corners fixed, and the skin stylus was attached 
by insulating material to the free corner (Fig. 1). The driving voltage was from the cathode 
follower output of a double electronic stimulator providing two pulses, each variable in 
amplitude (0-60 V) and in width (0-5-100 msec). The maximum voltage gave a deflexion of 
about 30 » for each pulse. In the course of experiments the deflexions were monitored by a 
emall variable capacitor, consisting of a moving plate attached by insulating material to 
the crystal and a fixed plate above it at a spacing of about 0-5 mm. This capacitor was con- 
nected to the input of a frequency modulation discriminator circuit (Baxter, 1950) whose 
voltage was applied to the second beam of the oscillograph. The plate attached to the 
crystal was earthed, in order to eliminate an artifact due to the crystal driving pulse. The 
crystal deflexion corresponding to a number of strength-dial settings of the stimulator was 
used to plot a calibration graph. The procedure was as follows: first, with no pulse applied 
to the crystal the microscope rack mounting was lowered until the stylus just touched the 
silver base plate and the fine-adjustment micrometer reading was noted. The exact point of 
contact was most easily determined by connecting the stylus and base plate to the input of 
the amplifier, when contact gave rise to a click in the loudspeaker, due to contact potential 
between the two metals. The crystal and stylus were now racked up well clear of the plate, 
and voltage pulses were applied to the crystal at a given strength dial setting. The crystal 
was now gradually lowered until a click was heard in the loudspeaker on the arrival of each 
pulse, and the micrometer reading was again noted. The difference between this reading and 
that at the resting position gave the deflexion at the given dial setting. By repeating this 
procedure over the range of dial settings a calibration graph was prepared (Fig. 2). It will 
be seen that the crystal deflexion was closely proportional to strength dial reading over the 
range 1-5-7 divisions, within which the critical estimations of threshold were made. 

The large crystal needed to give the 30 » defiexion had a fairly large mass, which would 
tend to give a long natural period. However, the high mass was offset by the high inherent 
stiffness of the crystal bimorph, and a good transient response could be obtained. In the 
undamped condition the monitored mechanical wave form showed marked oscillations 
persisting for up to 50 msec after each pulse. Mechanical damping was supplied by inserting 
a wisp of cotton wool between the plates of the monitor capacitor; paraffin oil was more 
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effective, but crept over the whole crystal face. With the further addition of electrical 
damping (resistance inserted in series with the crystal) pulses as short as 2 msec, with little 
after-oscillation, could be obtained, although the rise-time (about 200 psec for the undamped 
crystal) was now increased to about 300 usec. Crystal deflexion reproduced the rectangular 
wave form of the applied voltage for durations up to 50 msec, beyond which it declined 
progressively. 

For electrical pulse stimulation the stimulator pulses were fed through a pulse transformer 
consisting of a Ferrite ring on which were wound primary and secondary coils diametrically 
opposite, with a screen interposed to reduce stimulus artifact. Stimuli were applied between 
the stylus, which was insulated from the crystal, and the earthed plate bearing the pre- 
paration. By means of a switch it was possible to present pairs of pulses in any combination 
mechanical, electrical or both in either sequence. An additional switch allowed reversal of 
polarity of electrical stimuli. A radio-frequency coupling circuit was also used, but the 
Ferrite ring transformer gave a better artifact reduction. 
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Stimulator dial reading 


Fig. 2. Calibration of the crystal stimulator. Pulses 1 and 2 were used as condi- 
tioning and test pulses respectively. Test threshold values were normally in the 
range 2-7 scale divisions, over which crystal deflexion is seen to be linearly related to 
stimulator dial reading. 


Pulse intervals were measured directly on the oscillograph tube face, using the time- 
calibrated X-shift control. This was frequently checked against a standard oscillator, and 
the maximum error was found to be about 5%, although over the ranges most commonly 
used it did not exceed 2%. 

Plotting of results 

Where changes of resting threshold were significant in an experiment the ordinate was 
scaled in terms of stylus deflexion in microns. Where comparisons were to be made of the 
shape of recovery curves only, the ordinate was scaled in threshold units (test-pulse thres- 
hold = 1). Abscissal scales were compressed at the longer intervals in order to reveal more 
clearly the changes at the shorter intervals. 
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RESULTS 


Mechanical pulse stimuli of duration 2 msec and amplitude 2 » or more, 
applied to the outer surface of the skin, evoked spike responses in the skin 
nerve branch. Weak stimuli generally produced a single spike response, 
strong stimuli gave rise to discharges from several receptors, characterized 
by differences in spike size and latency. By choice of site, and by maintaining 
only a light contact pressure of the stylus on the skin, it was possible to 
evoke a single spike response over a wide range of stimulus strengths, 
additional responses from neighbouring receptors appearing only at the 
highest strengths. A given spike was considered to originate from a single 
receptor ending and be propagated in a single sensory axon when it showed 
the following properties: abrupt appearance, ali-or-nothing, at threshold 
strength; constant amplitude; constant latency. 

Although a multi-fibred preparation was used, the signal-to-noise ratio 
was generally high (Fig. 4), a feature which was attributed to the slender 
nature of the nerve twig and the small amount of connective-tissue sheath 
remaining after dissecting it free from the peroneal nerve trunk. 


General characteristics of the receptors studied 


In view of the small amplitude of the largest stimuli employed, not 
exceeding about 20 », and the observation that none of the receptors gave 
more than one spike response at the onset of the stimulus pulse, even for 
pulse durations of 100 msec at maximum strength, it was assumed that the 
observed response originated from superficially-placed fast-adapting 
tactile receptors. Manual stimulation by means of a mounted pin produced 
brief trains of spikes from some areas of skin. The deflexion of the skin 
surface produced by this means could not be measured, but would be 
expected greatly to exceed 20 u, so that deeper-lying and more slowly- 
adapting receptors were probably excited by manual stimulation. Pre- 
parations normally gave no discharges in the absence of mechanical 
stimulation. 

Spike amplitudes ranged from 25 to 150 «V for different receptors ; these 
values are lower than those previously reported (Catton, 1958), probably 
owing to a different arrangement of the recording electrodes. Since the 
conduction velocities ranged from 3 to about 30 m/sec, it was considered 
that all the spike responses studied were propagated in myelinated fibres. 


Threshold to mechanical stimulation 


The smallest displacement of the stylus which elicited a response from 
the most sensitive endings was about 2 , at 20° C. Most receptors, how- 
ever, showed higher thresholds, in the range 3-10 y, and a few had even 
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higher thresholds, up to 15 yx. The threshold for a given receptor depended 
on (a) duration of the mechanical pulse, (b) temperature of the preparation, 
(c) the location of the stylus tip on the skin surface, (d) previous fatigue by 
repetitive stimulation, and to a small and variable extent on (e) the steady 
stylus pressure on the skin. For pulse durations exceeding about 2 msec 
the threshold was not dependent on pulse duration ; for shorter puises the 
threshold rose, but the strength-duration relationship could not be in- 
vestigated since pulses shorter than 2 msec showed distortion in shape. 
The effect of temperature on threshold is described more fully below. The 
effect of an increased steady stylus pressure was first to lower and then 
apparently to raise the threshold as the pressure was further increased. 
This latter effect. was found to be due, in part at least, to a reduction in dis- 
placement of the stylus when it encountered the greater resistance of the 
compressed skin, and may well have masked a further true fall in threshold 
with increasing pressure. Threshold measurements were performed with a 
light contact pressure, not sufficient to indent the skin surface viewed under 
the low power microscope. By traversing the stylus tip over the skin with 
light contact pressure small areas of minimum threshold for a given re- 
sponse could be found. It was assumed that when the tip was in the centre 
of such an area it was lying immediately over a sensory ending. It was 
found that after making these adjustments of site and pressure the thres- 


hold remained stable for long periods, drift usually not exceeding about 
5% of one threshold unit. 


Threshold and size of spike responses 


Casual observation of many single spike responses suggested that there 
was a correlation between threshold and the size of the afferent spike 
discharged in the skin nerve. Measurements of threshold, subject to the 
criteria described above, were then made on 85 receptors propagating 
spikes of different sizes. The responses were classified arbitrarily into three 
groups according to spike size, and the mean threshold value for each group 
was calculated. The results appear in Table 1. The significance of the 
differences between the means of Groups I and II and of Groups I and 
ILI was estimated by the / test, which gave values of P < 0-01 in each case, 
thus indicating a significant correlation between threshold and size of 


Taste |. Mean threshold values for receptors propagating spikes in 
three ranges of amplitude 


Mean 
No. of threshold 
Spike category observations () 
Group 1 (< 50 pV) 21 3-6 
Group IL (50-100 nV) 35 6-0 
Group III (> 100 pV) 28 8-8 


s.p. of 
mean 
+14 
+3-07 
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afferent spike, threshold increasing with size. This result might be inter- 
preted further as a correlation between threshold and diameter of afferent 
fibre in which the receptor response was discharged, 


Effect of temperature on threshold 


The effect of temperature on mechanoreceptor thresholds was studied 
over the range 5-35° C. Rapid cooling or warming gave rise to irregular 
spike discharges, but since a multi-fibred preparation was used it could not 
be decided whether these spikes originated from mechanoreceptors (a type 
of behaviour shown in cat mechanoreceptors by Hunt & McIntyre (1960)) 
or specific thermoreceptors. However, when the temperature was constant 
the discharges soon ceased, so that there was no interference with study of 
mechanoreceptor responses. 
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Fig. 3. Variation of threshold with temperature for four different receptors. 


Although there was some variety in behaviour, the general findings 
(Fig. 3) showed a fairly level threshold over the range 14-24° C, with a 
moderate rise at 5° C (the lowest temperature which could be reached) and 
a sharper rise, leading to complete inexcitability, at temperatures ranging 
from 30 to 35° C for different receptors. Within these temperature ranges 
there was complete recovery of normal excitability after return to room 
temperature. Most receptors showed permanent loss of excitability if 
raised to temperatures higher than 35°C. The large spike responses showed 
a more marked threshold rise at 5° C than did the rest. 

It was concluded that small variations of temperature of the order of 
1° C, such as might occur in the course of a short series of experiments 
could be disregarded. The experimental room, though not temperature- 
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controlled, was totally enclosed and windowless; daily variations of 
temperature did not exceed 2° C and the maximum seasonal variation was 
from 18 to 24°C, 


Recovery of excitability following the discharge of a spike 

The recovery of excitability of a receptor following the discharge of a 
spike was plotted by finding the strength of a test stimulus just sufficient 
to evoke a second spike at various time intervals after the first. The term 
MM recovery curve is convenient to describe such curves, both stimuli 
being mechanical. The durations of the conditioning and test stimuli were 
set to the minimum practicable value of 2 msec, and time intervals set up 
by the delay controls of the stimulator were measured on the calibrated 
X-shift control of the oscilloscope. Readings of threshold strength were 
made on the stimulator pulse output controls, calibrated arbitrarily from 
0 to 10. In most experiments only the relative changes in threshold were 
of interest; when absolute values in terms of displacement were required, 
reference was made to the prepared calibration graph (Fig. 2). The relation 
between stylus displacement and stimulator dial reading was nearly linear 
over the range in which all but a few measurements were made. 

The pairs of pulses were presented at a standard interval of 2 sec, this 
being greater than the time for complete recovery for all receptors. At this 
frequency of stimulation there was no measurable threshold rise due to 
cumulative fatigue. 


The normal MM recovery curve 


Figure 4a shows oscillograms of the spike responses to mechanical 
conditioning and test stimuli; Fig. 46 differs from 4a only in that the test 
stimulus was electrical. Figures 5 (i) and (ii) show complete MM recovery 
curves. Whilst most of the points could be plotted easily, there was some- 
times difficulty at the shortest intervals, less than 5 msec, and at intervals 
between 200 and 2000 msec. At short intervals, where the threshold to 
the test stimulus was often high, an increase of pulse strength in an attempt 
to find the new threshold level often evoked spike responses from other 
receptors. It was usually possible in these circumstances to identify the 
originally chosen spike, since this was the only response which was speci- 
fically affected by the presence of the conditioning spike. Comparisons of 
amplitude and latency afforded further clues for identification. At the 
longer intervals there was difficulty in viewing responses on very slow- 
moving time bases. For the maximum test interval of 2000 msec the 
threshold was taken simply as that depending on repetition of the test 
stimulus alone at that interval, since cumulative fatigue was known to be 
negligible with repetitive stimulation at the rate of one/2 sec. It was not 
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possible to adopt a similar procedure for shorter intervals, say 500 msec, 
since fatigue occurred at frequencies of about 2/sec. 

Recovery curves for three receptors are shown in Figs. 5 (i) and (ii), 
Fig. 5(i) being sealed in stimulator dial units, Fig. 5(ii) in threshold units. 
In Fig. 5(i) the intervals are measured between stimuli, showing the 
variation in spike latency ; in Fig. 5(ii) the intervals are measured from the 
first spike in each case. Receptors a and b propagated small spikes, re- 
ceptor ¢ a large spike, and inspection of Fig. 5(i) suggests that recovery is 
slower for receptor ¢ than for receptors a and 6, which had much lower 
thresholds, although complete recovery was reached by all three within 
2 see. When plotted in threshold units, with intervals measured from the 


200 


Fig. 4. a(i)-(iii), oseillograms illustrating refractory phase following discharge of 
a spike by a mechanoreceptor. Upper trace records stylus movement, lower trace 
records spike discharge in skin nerve. c.p., conditioning pulse, t.p., test pulse. 
In (i) test pulse only, at threshold strength; in (ii) a response is evoked by condi- 
tioning pulse, and test response disappears; in (iii) the pulse interval is increased 
(to 25 msec) and the test pulse evokes a response again. 6(i)-—(iii), oscillograma 
showing similar course of events to the above, but test puise (identified by artifact 
4) is now electrical. Time marker, 200 c/s. 
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Test pulse threshold (4) 


x 
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Stimulus interval (msec) 


Threshold unit 


5 10 20 +40 100 


Interval after conditioning impulse (msec) 


Ist spike 


Fig. 5. (i) Recovery curves (MM) plotted for three different receptora using 
mechanical conditioning and test pulses; interval measured between stimuli. 
Curves a and 6 from small and medium spike responses, curve ¢ from a large spike 
response. Arrows indicate respective spike latencies. Note that scaling of abscissa 
is compressed, On the ordinate are marked the resting threshold values. 

(ii) Curves replotted in threshold units and intervals measured from first spike 
response, 


342 
A 
25 
15} 
) b 
10 4 
Am 
5 
is 10 2000 
abe 
(ii) 
35 
30 
25 
270 = 
" 
05 


PROPERTIES OF FROG TACTILE RECEPTORS 343 


first spike (Fig. 5(ii)), the three curves were of similar shape, although the 
recovery of c was more delayed than that of a or b. The recovery curves 
show three phases: (i) a brief absolute refractory phase, lasting for 2-3 
msec; (ii) a phase of rapid recovery, up to 10 msec; (iii) a phase of slow 


recovery, up to about 2000 msec, though usually shorter. 


(a) 


Threshold units 


| 
5 10 20 100 1000 


Ist spike Time interval (msec) 


Fig. 6. Atypical recovery curves. Ina and } the conditioning pulse was mechanical, 
in ¢ it was electrical ; test pulse was mechanical in all three. Conditioning spike was 


fired at time 0. 


Plotting of results from many receptors, including those propagating 
spikes of a wide range of amplitudes, shows that, when the recovery 
curves were plotted in terms of threshold units and measured from the 
first spike response, the time course of recovery was similar for all receptors 
excited by the type of stimulus used, both in the same preparation and for 
many different preparations at the same temperature and in the un- 
fatigued state. It was possible, however, to distinguish a range of recovery 
times, the most rapid being about 500 msec, the slowest about 2000 msec. 
Temperature and fatigue had a marked effect on recovery, as reported below. 

In order to provide a quantitative expression of the time course of the 
recovery process, data from all experiments were treated as follows. For 
each experiment the percentage elevation of threshold was calculated for 
the intervals 5, 10, 20 and 50 msec after the conditioning spike. The results 
were first grouped in categories of size of spike response, adopting the same 
arbitrary classification as that used in comparing resting threshold values, 
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and the mean values of percentage threshold elevation at each interval 
were calculated. Mean values at each interval for all experiments grouped 
together were then computed. From the results (Table 2) it is seen that, 
although there was a wide scatter of values at each interval, the mean 
values at any given interval were closely similar for all three categories, 
and thus differed but little from the means from all experiments. From 
this it was concluded that, although there was a range of recovery times 
for different receptors, there was no systematic correlation of recovery time 
with either the resting threshold value or with the amplitude of the spike 
discharged in the sensory fibre. 


Tas.e 2. Numerical results showing time course of recovery of receptors after a single 
conditioning impulse discharge. Receptors are grouped according to amplitude of spike in 
sensory nerve. Further explanation in text 
Mean percentage (and range) of threshold 
elevation at intervals of 
Spike No. of r —* 
Responses amplitude observations 5 msec 10 msec 20 msec 50 msec 


Group I < 50 pV 10 43 (18-80) 26( 646) 19( 3-32) 11-5 (0-25) 
Group II 50-100 15 46 (20-96) 25 (10-46) 17( 7-31) 13 (3-28) 
Group IIT > 100 wV il 40 (16-78) 24(12-43) 19(12-25) 12 (6-18) 
Totals, all groups 36 43 (16-96) 25( 646) 18( 3-32) 12 (0-28) 
Standard deviation of + 22-8 + 10-6 +73 +57 
mean 

Most of the receptors studied gave recovery curves of the type described, 
but about 10°, gave quite different curves, which were regarded as atypical 
or anomalous rather than due to an abnormal state of the preparation, 
since they were obtained in fresh preparations in which the majority of 
receptors showed the type of recovery described above. 

The atypical recovery curve. In these cases (Fig. 6) the first part of the 
recovery curve was of the normal type, but then deviated widely, there 
being a marked and prolonged threshold rise before final recovery, which 
was however usually complete within 2000 msec as for the normal curve. 
Curves a and 6 of Fig. 6 show recoveries after a mechanical stimulus and 
curve c shows recovery after an electrical stimulus. The observation that 
the atypical recovery is seen also after an electrical conditioning pulse 
appears to exclude the possibility that atypical behaviour is related in any 
way to mechanical vibration induced by the conditioning pulse. A sug- 
gestion that the atypical curve might be due to an abnormal state of a 
receptor was however supported by the results of experiments on pro- 
caine-treated skin. This substance had the initial effect of prolonging the 
recovery process; during recovery from its effects, over a period of about 
1 hr, a receptor which originally gave a normal recovery curve gave an 
abnormal curve of the type described above for some receptors in un- 
treated skin. 


. 


PROPERTIES OF FROG TACTILE RECEPTORS 345 


Refractory period of the sensory axon 


The refractory phase following the discharge of a spike by a receptor is 
much longer than that which is reported to follow a spike propagated in a 
myelinated axon of frog nerve. However, for direct comparison with the 
results obtained on receptors the absolute and relative refractory periods 
of sensory axons in the skin nerve branch were measured. Two different 
methods were used, which gave results in close agreement. In the first 
method pairs of stimuli were applied to electrodes placed distally on the 
nerve and the compound action potential (antidromic) was recorded from 
the normal pick-up electrodes near the skin. Two stimuli, each of just- 
maximal strength, were applied at varying intervals. The minimal interval 
at which there was no diminution in height of the second response was 
taken to represent the maximum extent of the relative refractory period 
pertaining to those fibres of slowest recovery. The maximum interval at 
which the second response was completely suppressed was assumed to 
represent the absolute refractory period. Mean values for six experiments 
on different nerves were: absolute refractory period 1-5 msec, relative 
refractory period 6 msec, all at 21° C. 

The second method allowed the measurement of refractory periods on 
individual fibres, and was performed as follows. Electrical pulse stimuli 
(duration 0-5 msec) were applied through the metal stylus in contact with 
the skin overlying a chosen receptor. As the strength of stimulus was 
gradually increased the first response to appear was a single spike at long 
latency (receptor response to excitation of naked ending). This response 
fatigued rapidly when the frequency of stimulation was raised to a value 
between 10 and 50/sec, according to the individual receptor. A further 
increase of strength now evoked a spike response of the same size as the 
first, but at very short latency (0-5-1-0 msec), and this response was 
capable of following much higher rates of stimulation without fatigue. By 
adjusting strength and frequency it was possible to show that, under high- 
frequency stimulation, a given spike response jumped intermittently from 
the short- to the long-latency position and back again, i.e. excitation was 
occurring sometimes at a site which was associated with fatigue (the sensory 
ending) and at other times at a site at which fatigue was not shown at 
frequencies, up to at least 120/sec. However strong the stimulus the 
latency could not be reduced below the value 0-5 msec. It was assumed 
that the non-fatiguing high-threshold short-latency response originated 
by direct excitation of the sensory axon, probably at the first node of 
Ranvier. Since the spike outline was now simple, measurement of re- 
fractory period could be more precise than was the case when using the 
compound antidromic potential. Five observations by this method gave 
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a mean absolute refractory period of 2 msec and mean relative refractory 
period of 5 msec, at 20° C. 


Subliminal conditioning stimuli 

When the conditioning stimulus was made subliminal there was no 
phase of absolute refractoriness, but some changes in excitability could be 
detected. The most common observation was a very brief sharp fall in 
threshold (< 2 msec) coincident in onset with the applied pulse, followed 
by a rise of threshold above normal which lasted for about 20 msec in 
most cases, but occasionally for much longer periods up to 100 msec. The 
rise of threshold did not exceed about 0-2 of a threshold unit and was often 
less than 0-1. After a number of stimuli had been presented the threshold 
elevation gradually diminished in many cases, and finally was not de- 
tectable, but reappeared at its original level when stimulation was re- 
sumed after a few minutes rest. 

Inabout 5°, of the receptors studied the phase of threshold elevation was 
not seen, and instead the excitability remained above normal for periods of 
up to 50 msec, although the extent of threshold depression was small, not 
exceeding about 0-1 threshold unit. This phenomenon did not ‘adapt’ under 
repeated presentation at the normal slow rate of one frame every 2 sec. 


The effects of temperature on the MM recovery curve 

Recovery curves were plotted for the same receptor at three different 
temperatures, one being room temperature (about 20° C), one at about 
5° C and one in the range 30-35° C. In general, the effect of cooling was to 
cause marked slowing of recovery, and that of warming was to accelerate 
recovery, though to a less extent (Fig. 7). Exceptionally, warming would 
cause a slowing of recovery, which was always associated with a rise of 
resting threshold (Fig. 8). It was assumed that this latter behaviour could 
be attributed to those receptors whose threshold—-temperature curves 
showed a marked early rise at the higher temperatures (Fig. 3), although 
such curves were not in fact plotted in these individual cases. 

Over a more limited temperature range (16-24° C) the effects of tem- 
perature on the recovery curve were not marked, so that a change of 
temperature of one or two degrees in the course of a series of experiments 
would not invalidate the results. 


The effects of repetitive mechanical stimulation on 
threshold and recovery 


Repetitive stimulation at frequencies exceeding about 2/sec produced 
measurable fatigue in the receptors, manifested by a rise of threshold and 
delay in recovery from a single stimulus. The effects of fatigue were 
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2000 


Fig. 7. MM recovery curves of the same receptor plotted at three different tem- 
peratures, showing progressively more rapid recovery with rise of temperature. 
Arrows indicate spike latency. 


10 


Fig. 8. MM recovery curves of a receptor plotted at three different temperatures, 
showing an optimum temperature (19° C), at which recovery is most rapid. Arrows 
show firing time of conditioning spikes. 
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studied in three types of experiment. First, the progressive rise of thres- 
hold during repetitive stimulation was measured at a number of different 
frequencies, leading to complete fatigue (threshold higher than maximum 
stimulus strength). Secondly, the ‘adapted’ threshold level reached during 
a period of stimulation was measured for various frequencies. Thirdly, the 
MM recovery curve was plotted under conditions of fatigue. 

Threshold rise during repetitive stimulation. Threshold values were 
measured at intervals of 5 or 10 sec from the start of a period of stimulation 
at different frequencies, starting with a frequency so low that little thres- 
hold rise was detectable. The time course of threshold rise was found to 
depend both on the frequency and the particular receptor. At frequencies 
not exceeding about 5/sec there was an initial step-like rise, reaching a low 
plateau for all receptors, which was maintained at least for several 
minutes, although the standard period of stimulation was limited to | min. 
The initial step was certainly complete in 5sec, but probably occurred more 
rapidly, although this could not be revealed by the method used. When 
higher frequencies were used, the height of the initial step was greater and 
the threshold continued to rise more slowly until a plateau was reached in 
10-20 sec. Above a certain frequency, depending on the receptor, no 
plateau was attained, the threshold continued to rise during stimulation 
and finally rose fairly sharply beyond the range of the stimulator. At yet 
higher frequencies the threshold rise was rapid from the start, and at the 
highest frequencies the rate of rise was too rapid to be measured, passing 
beyond maximum strength in less than 5 sec, the shortest interval at 
which a threshold measurement could be made. Results from this type of 
experiment are shown for two different receptors in Figs. 9 and 10, fatigue 
being more readily shown by the receptor of Fig. 9 than for that of Fig. 10. 
The frequency at which the rapid threshold rise occurred, with the absence 
of a plateau, varied in different receptors from 10 to 70/sec. 

At the end of the period of stimulation recovery was initially rapid, 
followed by a prolonged slow phase. The initial recovery was too rapid to 
be measured accurately ; the slow phase was prolonged for several minutes, 
occasionally for much longer periods, up to 20 min. The recovery after a 
period of repetitive stimulation thus appeared to be divisible into an early 
rapid phase and a late slow phase, as was the case for recovery from a 
single stimulus. The initial rapid phase of recovery after a period of repeti- 
tive stimulation was complete within 5 sec, but was probably much more 
rapid. 


The relation between ‘fatigued threshold’ and frequency of stimulation 


In this type of experiment the receptor was subjected to repetitive 
stimulation until the plateau or ‘fatigued threshold’ value was attained. 
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Threshold () 


30 40 50 60 70 80 9 100 110 
Time (sec) 

Fig. 9. Time course of rise of threshold during a period of repetitive stimulation, 
(—), and subsequent recovery ( ---). Curves are for the same receptor, at frequencies 
of 2/sec (@), 10/sec ({"}), 20/sec (O), 30/sec ( x ) and 50/sec (A). To avoid confusion 
of diagram, time course of recovery is not plotted for frequency of 50/sec. Stimu- 
lation was discontinued when threshold rose to maximum at the three highest fre- 
quencies; at the two lower frequencies the stimulation period was 60 sec. 
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Fig. 10. Time course of rise of threshold during repetitive stimulation (—) and 
subsequent recovery (---). Curves are for the same receptor, at frequencies of 
5/sec (@), 20/sec 60/sec (©), 80/sec (x), and 100/sec (A). Stimulation was 
discontinued when the threshold rose to maxirnum at the two highest frequencies. 
Period of stimulation in the first three cases was 60 sec. To avoid confusion, re- 
covery not plotted for the highest frequency. 
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Since, however, at the higher frequencies the threshold continued to rise 
during stimulation, it was necessary to adopt some criterion by which an 
estimate of fatigued threshold could be made, for comparison with the 
more clearly-defined plateau measurements at low frequencies. As a com- 
promise procedure all fatigued threshold readings were taken 20 sec after 
the start of stimulation, at which time the plateau had generally been 
reached at the lower frequencies. When the threshold of a receptor, sub- 
jected to high frequency stimulation, rose beyond the maximum strength 
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Fig. 11. a. MM recovery curves for three different receptors in the unfatigued 
state (@, x, &). Fortwo of these receptors, curves are plotted again after a period 
of fatigue (©, A). Note: (i) compression of abscissa scale, (ii) the curves are 
arbitrarily displaced vertically, to avoid confusion. 6. Curves show rise of threshold 
with increasing frequency of stimulation for the same three receptors as in a. 


available (= 10) before the elapse of 20 sec, the fatigued threshold was 
plotted as > 10. When maximum value was reached in 20 sec the result 
was plotted as 10, and when the receptor was able to continue responding 
for more than 20sec the fatigued threshold was shown as the value 
attained at 20 sec from the start. Figure 115 shows, for three different 
receptors, curves of fatigued threshold plotted against frequency; the 
normal unfatigued MM recovery curves for the same three receptors are 
shown in Fig. 11a for comparison, as also are the curves (interrupted lines) 
for two of the same receptors after a period of fatigue. The three receptors 
chosen (@, <, A) demonstrate the normal limited range of recovery 
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times, recovery being most rapid for receptor (4), least rapid for receptor 
(@). The latter receptor further showed a greater delay in recovery than 
did the former when each had been subjected to a similar period of 
repetitive stimulation. Correspondingly the rise of threshold with in- 
creasing frequency was much steeper in the case of receptor (@) than in 
that of receptor (4). Receptor (x) showed a behaviour intermediate 


between the other two. 
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Fig. 12. a. MM recovery curves for the same receptor at three different tem- 
peratures, 6° C (©), 20° C (x ) and 30° C (@). 6. Curves showing rise of threshold 
with increasing frequency at the same temperatures and for the same receptor as 


in a. 


It appears from these results that there is a marked variation in the 
maximum frequency at which different receptors are able to continue 
responding to repetitive stimulation, and that rapidly progressive delay in 
recovery from each impulse discharge, due to fatigue, may be a deter- 
mining factor which limits such ability. 

The effect of temperature on the fatigued threshold-frequency curve. For one 
receptor MM recovery curves and fatigued threshold—frequency curves 
were plotted at temperatures of 6, 20 and 30°C. It was found (Fig. 12) 
that slow recovery induced by cooling caused a steeper rise in the threshold— 
frequency curve, an effect comparable with that shown when slow recovery 
from a single stimulus was induced by previous fatigue. In the case of this 
receptor there was little difference in speed of recovery when the tem- 
perature was raised from 20 to 30° C; correspondingly the threshold— 


frequency curves show a similar time course at the two temperatures, 
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divergences being due largely to the difficulty of making accurate threshold 
estimates at the higher frequencies. At 30°C the maximum following 
frequency was a little higher (110/sec) than at 20° (100/sec). 


The effect of repetitive stimulation on the MM recovery curve 


Because recovery following a burst of repetitive stimulation was initially 
so rapid, it was difficult to find a satisfactory procedure for plotting re- 
covery curves under conditions of fatigue. After such a burst the thres- 
holds of both the conditioning and test pulses were raised, and it was 
necessary to find the new threshold settings as quickly as possible. Since 
several minutes were required to plot a recovery curve, at the end of this 
time recovery from the effects of previous fatigue would be largely com- 
plete. At frequencies up to about 10/see it was possible to plot recoveries 
during stimulation, at least as far as about the 100 msec interval, since 
both conditioning and test stimuli were visible on the same sweep. For 
higher frequencies the following procedure was adopted. A given stimulus 
interval was set up on the time base, and a burst of stimulation was de- 
livered at the chosen frequency, whilst adjusting the conditioning pulse to 
the new threshold. A second burst was then given and immediately after- 
wards the threshold for the test response was found, giving the first point 


on the recovery curve. This procedure was then repeated at different inter- 
vals, to plot a complete recovery curve, pertaining to the receptor fatigued 
at the chosen frequency. It was only possible to apply this method over 
the range of frequencies for which a plateau was maintained during the 
time required for making a measurement. The curves plotted in this way 
express the state of the receptor several seconds after cessation of repetitive 
stimulation, and certainly show a smaller effect than would be present 


during such stimulation. 

The extent of the delay in recovery caused by fatigue at a given fre- 
quency was widely different in different receptors, some showing a marked 
delay and others showing practically no change (Fig. 13). Fatigue at a 
given frequency was cumulative for a given receptor. For constant periods 
of stimulation applied to a given receptor fatigue increased with increase 
in frequency. 

Fatigue behaviour and size of afferent spike 


Whilst there was no general correlation between proneness to fatigue 
and size of afferent spike discharged by a receptor, those receptors which 
discharged the largest spikes showed a higher proportion of slow recoveries, 
and more rapid threshold rise under repetitive stimulation, than did the 
rest. This may explain an earlier observation (Catton, 1958), that in 
traversing the vibrating stylus over the skin surface at fixed strength and 
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frequency the largest spike responses were never seen to follow stimulation 
at high frequencies, whilst smal] spike responses commonly did so. 


a 8 


Test pulse threshold (4) 


= 


= 
10 500 


Stimulus interval (msec) 


Fig. 13. Cumulative fatigue by repetitive stimulation at a constant frequency 
. 4, &) plotted from a receptor showing marked 


(20/sec). Upper three curves ( 
, unfatigued recovery curve; (A, recovery after a 


fatigue at this frequency. 
period of 5 sec repetitive stimulation; 4, recovery after 30 sec of the same stimula- 
tion. Lower three curves (O, @, x) plotted in the same way as the above but 
from a different receptor, showing little fatigue at the given frequency. Note that 
this receptor had a lower resting threshold and showed more rapid recovery in 


the unfatigued state. 


The effect of repetitive subliminal stimulation 


Repetitive subliminal stimulation usually produced no measurable 
change in receptor threshold. In the case of a few receptors a slight rise 
was observed, not exceeding about 10°, of the resting threshold value. 
These findings were in line with the earlier observation that single sub- 
liminal stimuli produced only slight threshold rises of short duration. It 
was also noted, in the case of experiments with pairs of pulses at the 
standard rate of presentation of one every 2 sec, that most receptors 
adapted rapidly to the subliminal conditioning pulse, which soon failed 
to produce a rise of threshold. This would clearly explain the failure of 
repetitive subliminal stimulation at higher frequencies to produce a change 


of threshold. 
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Antidromic conditioning stimulus and mechanical test stimulus 


Recovery curves were plotted by finding the threshold strength of a 
mechanical test stimulus at various intervals after the application of a 
maximal conditioning stimulus to the nerve. It was necessary to allow for 
the conduction time of the antidromic impulse in the afferent fibre. This 
was done by subtracting the value of the minimum latency for a mechanical 
test stimulus, applied to the chosen receptor, from the value of each stimulus 
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2000 
Stimulus interval (msec) 


Fig. 14. Recovery curves for the same receptor, AM, conditioning stimulus an 
antidromic spike; MM, conditioning stimulus a mechanical pulse applied to the 
receptor; in both cases test pulse was mechanical. Intervals for AM curve have 
been corrected to allow for conduction time in sensory axon. Arrow shows maximum 


duration of refractory period of sensory nerve. 
yt 


interval. The resulting A.V curves showed that recovery following an anti- 
dromic impulse in the afferent fibre was always more rapid than that 
following an orthodromically conducted impulse evoked by mechanical 
excitation, but was of greater duration than the refractory period of the 


afferent fibre itself (Fig. 14). 


Repetitive antidromic stimulation 
Repetitive antidromic stimulation of the skin nerve produced only slight 
changes in the threshold to mechanical stimulation, consisting generally 
of a small rise. A notable effect of antidromic stimulation was the ap- 
pearance of a brief discharge of spikes occurring soon after the end of the 
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period of stimulation. A similar effect was described by Habgood (1950) 
and by Loewenstein (1956); the latter showed further that repetitive anti- 
dromic stimulation of frog skin preparations causes the release of an 
adrenaline-like substance, probably secreted at the terminations of cutan- 
eous sympathetic fibres. In my experiments the application of 1: 10,000 
adrenaline solution produced spike discharges similar to those which 
followed antidromic stimulation, together with a lowering of threshold. 
The release of the sympathetic transmitter would be expected, by its 
threshold-lowering effect, to mask, at least to some extent, the effects of 
fatigue. However, after a number of periods of repetitive stimulation, the 
spike outbursts following antidromic stimulation rapidly decreased and 
eventually disappeared. It was presumed that this was to be explained 
as an exhaustion of the store of sympathetic transmitter substance in the 
skin. When tested under these conditions there was still only a small rise of 
threshold to a mechanical stimulus after a long period of high-frequency 
antidromic stimulation, suggesting that even in the presumed absence of 
the masking effect of the sympathetic transmitter substance antidromic 
stimulation still failed to evoke fatigue in a degree comparable with that 
evoked by mechanical stimulation. 


Direct electrical excitation of receptors 


Electrical pulse stimuli of duration about 0-5 msec, applied to the skin 
surface through the metal stylus, evoked spike discharges in the sensory 
nerve. By adjustment of site of application and of stimulus strength, and 
by covering the skin with liquid paraffin to restrict spread of the stimu- 
lating current, it was possible to excite single receptors (see Fig. 46), 

‘lectrical conditioning stimuli applied in this way were followed by 
recovery curves (EM) closely resembling those found for mechanical 
stimuli; recovery was occasionally more rapid after an electrical stimulus 
but always exceeded the recovery time of the sensory fibres. Repetitive 
electrical pulse stimulation gave rise to fatigue in the same way as did 
repetitive mechanical stimulation, with the difference that in many cases 
the threshold rise was more rapid and the maximum following rate was 
lower. These results were obtained on receptors alternatively excited by 
mechanical and electrical stimuli. The sharp rise ef threshold under 
electrical stimulation served to confirm that the receptor, not the sensory 
fibre, was being stimulated. 


DISCUSSION 


Few previous workers on amphibian cutaneous mechanoreceptors have 
reported measurements of minimum threshold values. Lindblom (1958) 
found a range of values from 10 to 150 , for toad skin touch receptors. He 
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used a preparation with the skin in situ and recorded impulses in single 
dorsal root fibres. He found that threshold depended on site of stimulation, 
values being lower in those areas of skin which overlay hard tissues, as in 
the region of joints, than in areas overlying soft tissue. Since tissues in 
general show some degree of elasticity, it would be expected that thresholds 
measured in situ would be higher than in an isolated preparation supported 
on a metal plate, as in the present experiments. It seems unlikely that the 
species difference alone would account for a difference of minimum thres- 
holds as between 10 « for the toad and the value of 2 » obtained for frog 
skin in the present work. 

The validity of the estimate of 2 » as an absolute minimum threshold 
displacement for the most sensitive frog-skin receptors rests on the assump- 
tions that the conditions were optimal as regards the parameters of the 
stimulation pulse and the state of the preparation. Although isolated pre- 
parations were used, threshold values remained constant in any given pre- 
paration, often for periods up to 4 days, the skin being kept overnight at 
5° C and the Ringer's solution changed frequently. The skin thus appeared 
to be in a steady state of mechanical sensitivity, although this may have 
been a different level of sensitivity from that in the intact animal. The 
relevant parameters of the stimulation pulse were (a) rate of rise and 
(6) duration. For the measured threshold to be regarded as a minimum 
value the rate of rise should markedly exceed the critical slope, and the 
duration should exceed the minimum rheobasic value. The apparatus used 
allowed only a rough adjustment of the rising slope of the pulse, by 
shunting the crystal with different fixed capacitors, a method which gave 
only an approximately linear rise. Reducing the slope to half its normal 
value by this means produced no change in threshold amplitude. Few 
measurements of critical slope for amphibian cutaneous receptors have 
been reported. Gray & Malcolm (1951) measured critical slopes, expressed 
in rheobases sec, for frog-skin tactile receptors, but did not give rheobase 
values in terms of » displacement. Their results show a mean of about 
50 rheobases sec; taking the 2 » value from the present work as rheobase, 
the critical slope would be about 0-1 mm/sec. This is of the same order 
as the critical slope values for toad skin reported by Héglund & Lind- 
blom (1960), who found critical slopes ranging from < 0-8 mm/sec for the 
most sensitive to 15 mm/sec for the least sensitive receptors. Expressed 
in the same terms the slope of rise of the pulse used in the present work 
was 6-8 mm/sec for the 2 « displacement, which is greatly in excess of the 
critical slope for the most sensitive toad-skin receptors. When thresholds 
are measured with pulses whose slope is greater than critical, the value 
obtained becomes minimal and constant (Héglund & Lindblom, 1960). 
Regarding the effect of pulse duration, it was found that lengthening the 
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pulse did not reduce threshold amplitude, suggesting that the 2 msec pulse 
was already longer than the minimum rheobasie value. It was not 
possible to shorten the pulse without distortion and loss of amplitude, but 
Gray & Malcolm (1951), using pulses in the range 0-28-0-54 msec, found 
increases of threshold up to 2-2 times rheobasic value, although the mean 
rise was much smaller. 

It is interesting to compare the least threshold for frog-skin mechano- 
receptors, measured in the present work, with results on the Pacinian 
corpuscle. Gray & Malcolm (1950) found a minimum amplitude of 0-5 p; 
the rise of the pulse was 0-1 msec, so that the slope was | » in 0-2 msec. 
Gray & Matthews (1951) found a critical slope for the Pacinian corpuscle 
of about 1 «/msec, so that the threshold of 0-5 « reported in the earlier 
work was measured with .a rising slope some five times the critical 
slope, and thus would be a minimum value. The present estimate of 2 y as 
the minimum threshold for frog-skin mechano-receptors thus shows a 
sensitivity less than that of the Pacinian corpuscle, but still of a high 
order. 

The correlation found between threshold and size of spike propagated 
in the cutaneous nerve is difficult to explain. The tactile receptors form an 
apparently homogeneous population of free nerve endings, with no 
evidence of structural specialization, whereas the skin nerve branch con- 
tains fibres of a wide range of diameters, although not all may be sensory. 
Easton (1952) has shown that, in crab nerves made up of a wide range of 
fibre sizes, fibres propagating small spikes are excited electrically with 
smaller energy than are those propagating large spikes. It is conceivable 
that a similar relation may exist with regard to mechanical excitation of 
free nerve endings, if it is assumed that the site of threshold determination 
is at the first node of Ranvier, i.e. at the beginning of the main course of 
the sensory axon, as evidence from the Pacinian corpuscle suggests. On 
the other hand the intervention of a receptor potential in the process of 
excitation of a mechanoreceptor, though not yet demonstrated for a free 
nerve ending, leads to uncertainty in the comparison of results of electrical 
and mechanical excitation. 

The time course of recovery following a single liminal stimulus is similar 
to that described for toad-skin tactile receptors by Lindblom (1958), who 
also noted the much lesser degree of refractoriness which followed a single 
subliminal stimulus. A similar discrepancy between the refractory period 
of a sensory ending and that of its axon is shown by the Pacinian corpuscle. 
Following the discharge of a spike the corpuscle is refractory for a period 
of 7-10 msec (Loewenstein & Altamirano-Orrego, 1958), whilst the re- 
fractory period of the myelinated mammalian axon does not exceed about 


2 msec. 
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The finding that the mechanoreceptor ending has a refractory phase 
much exceeding in duration that of the sensory axon appears to conflict 
with the findings of earlier workers. Thus Adrian, Cattell & Hoagland, 
(1931), exciting tactile receptors in frog skin by interrupted air-jet stimu- 
lation, concluded that the sensory ending does not have a refractory phase 
longer than that of its parent axon. In these experiments the skin was 
subjected to repetitive stimulation, of a strength not measured in terms of 
skin deflexion, and it was shown that many receptors could continue to 
follow rates of stimulation as high as 300/sec, at which the interval between 
stimuli was only a little longer than the absolute refractory period of the 
sensory axon. A similar behaviour was described by Catton (1958) for 
some receptors, although the receptors were only capable of following at 
these high rates for a few seconds even with stimulus strengths up to three 
times threshold value. These results may be explained on present findings 
as the ‘driving’ of a receptor under conditions when the pulse interval is 
short and the threshold is high (early part of recovery curve), before 
cumulative rise of threshold due to fatigue occurs. For most unfatigued 
receptors the absolute refractory period lasted from 2 to 3 msec, but 
increased more or less rapidly with progressive fatigue together with an 
increase in the degree and duration of the relative refractory phase. Those 


receptors which showed least fatigue could then follow stimulation at 
frequencies up to 200 or 300/see for limited periods. 

A general correlative interpretation of the results of the fatigue experi- 
ments in the present work may be offered as follows, on the assumption 
that progressive fatigue is due to summation of the refractory states 


following successive impulses. 

Supposing in the first place that repetitive stimulation had no effect on 
the threshold or recovery after a single stimulus, it would follow that at 
any frequency such that the stimulus interval was longer than the absolute, 
but shorter than the relative refractory period of the receptor, there would 
be only an initial step of threshold rise between the first and second stimuli 
of the train, the threshold remaining thereafter at the new level. The 
height of this initial step would depend on the rate of recovery of the chosen 
receptor, increasing as the rate of recovery was slower, and also on the 
frequency (pulse interval), there being a higher step at the higher fre- 
quencies (Fig. 15a). The shape of the derived threshold-frequency curve 
would be as in Fig. 166(i), being solely dependent on the shape of the 
recovery curve, the threshold at each frequency being that value appro- 
priate to the corresponding pulse interval; the threshold would rise sharply 
to infinity when the interval corresponded to the absolute refractory 
period. The shapes of the threshold—frequency curves found experimentally 
differed from this predicted one, in that the rise was more steep and 
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reached infinity at a frequency much lower than that which corresponded 
to the resting value of the absolute refractory period, as may be seen in 
Fig. 11. 

Taking now the practical case, where fatigue has the effect of raising the 
threshold and delaying recovery from a single stimulus. The threshold— 
time curve would again show the initial step, almost identical with that in 
the hypothetical case above, since little fatigue would be evident in the 


200/sec 


100/sec 
5/sec 


20/sec 
5/sec 
Fig. 15. Rise of threshold with time of application of a repetitive stimulus at con- 
stant frequency. a, hypothetical case, assuming no cumulative fatigue; the height 
of the initial step corresponds to the intercept on a hypothetical (unfatigued) re- 
covery curve at intervals of 200 msec (5/sec), LO maec (100/sec) and 5 maec (200/sec). 


6, practical case where receptor shows curnulative fatigue; plateau seen only at 


lowest frequency. 


first pulse interval. But with successive stimuli there would be a progres- 
sive rise of threshold and delay in recovery, so that the curve would show 
a steady rise (Fig. 155). The subsequent shape of this curve would now 
depend on the ability of the receptor to achieve a new stable threshold at 
the chosen frequency. When this was achieved the curve would level off, 
a feature shown by most receptors at low frequencies. At higher fre- 
quencies, or in the case of receptors more prone to fatigue, there would be 
progressive rise of threshold and delay in recovery; the threshold—time 
curve would now rise rapidly, reaching infinity at a frequency such that 
the pulse interval was equal to the new and longer absolute refractory 
period. This was the type of curve commonly observed (Figs. 9 and 10), 
and the upper limits of frequency for different receptors ranged from 
20/sec to 110/sec over a | min period of observation. 

The rise of threshold and delay in recovery after a single stimulus shown 
by a fatigued receptor could also explain why the rise of the observed 
threshold-frequency curve is steeper than that (Fig. 166(i)) which could 
be reconstructed from the threshold values at various time intervals on the 
unfatigued recovery curve. Thus for any point on the recovery curve the 
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threshold rises cumulatively as the receptor becomes progressively 
fatigued at a given frequency, the rise being greater the higher the fre- 
quency. Figure 16a shows recovery curves of a given receptor after 
periods of fatigue to constant threshold, at frequencies ranging from 0-5/sec 
to 30/sec, at which fatigue was complete. A reconstructed threshold— 
frequency curve, based on the threshold values at given.time intervals on 
the curves of Fig. 16a, is shown in Fig. 164(ii). Thus the threshold at an 
interval of 100 msec on the recovery curve, corresponding to a frequency 
of 10/sec, establishes one such point (/\) on the reconstructed curve, the 
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Fig. 16. Correlation of the effect of fatigue induced by repetitive stimulation on the 
recovery of a receptor from a single stimulus, with the rise of threshold which accom- 
panies stepwise increments of frequency. Upper curves, (a) show recovery from a 
conditioning stimulus delivered at time zero; successive curves were drawn after 
periods of repetitive stimulation at frequencies of: ( x ) 0-5/see (O) 5/sec, (A) 10/seec, 
(@) 20/sec, (7) 30/sec. Lower curves, (b) show rise of threshold with increasing fre- 
quency of stimulation: (i) assuming no fatigue, (ii) with cumulative fatigue in- 
creasing with frequency. The points in curve (ii) were plotted by taking as ordinate 
the threshold value from the recovery curve in the upper figure at a given frequency, 
related to the corresponding stimulus interval on the abscissa. The abscissae of the 
upper and lower figures are aligned so that stimulus intervals (above) correspond 
with frequencies (below). The abscissal scales are non-linear and highly compressed 
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other points being derived in a similar way. Whilst for reasons given above 
it was not possible to plot recovery curves under stable conditions of 
fatigue, it is clear that this reconstructed curve resembles the threshold— 
frequency curves obtained by experiment (cf. Figs. 11 and 12). 

The prolonged refractory phase shown by the sensory ending could 
perhaps be attributed, at least in part, to special properties of the non- 
myelinated terminal, differing from those of the myelinated sensory axon. 
Such properties might be expected to resemble more closely those of C- 
fibres than those of myelinated fibres. The properties of frog C-fibres were 
studied by Gasser, Richards & Grundfest (1938), who found that C-fibres 
of the splanchnic nerve showed a prolonged positive after-potential, lasting 
for 1-2 sec. The recovery of excitability following a single spike discharge 
showed an early rapid phase lasting about 20 msec and then a much slower 
phase. This latter phase of subnormality, of about 1-5 see duration, corre- 
sponded with the time course of the positive after-potential. After a period 
of high-frequency stimulation the positive after-potential was increased in 
size and decayed only after several minutes, during which time the thres- 
hold was raised. It is clear that these properties of frog C-fibres are closely 
parallelled by the cutaneous mechanoreceptor terminal, although no 
evidence for the development of post-excitatory hyperpolarization of the 
receptor ending is available. 

Tetanization of mammalian autonomic C-fibres results in hyperpolariza- 
tion, which is accompanied by an increase in spike height (Ritchie & 
Straub, 1957). Augmentation of the spike would not be seen in the present 
experiments, since the spikes were recorded in a myelinated fibre, and such 
fibres do not show the hyperpolarization phenomenon. The same authors 
showed that the increased positive after-potential following tetanization 
was abolished by metabolic inhibitors, by bathing in K-free solutions, and 
when the sodium in the bathing solution was replaced by lithium. Of these 
environmental changes only the last two have been tried on frog skin; both 
treatment with K-free Ringer's solution and replacement of sodium by 
lithium produced more rapid recovery after single conditioning stimuli, and 
delayed the threshold rise under repetitive stimulation. These findings are 
in line with the view that the receptor terminal has C-fibre-like properties ; 
the experiments on changes in chemical environment may reveal further 
similarities. 

If the recovery following a single impulse were due to a simple process, 
such as the free diffusion of an ion (e.g. K*) away from the site of its release, 
recovery accompanying the fall of concentration of the ion around the 
sensory ending, the points on a generalized recovery curve, obtained by 
averaging the results of all measurements, might be fitted to a simple 
exponential curve. This has not proved possible, due chiefly to difficulty in 
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fitting the extended ‘tail’ of the curve. It seems likely that recovery in- 
volves more than one process, such processes having different time courses. 

In the present experiments receptor fatigue was associated with a rise of 
threshold during repetitive impulse discharge and by a more or less pro- 
longed phase of refractoriness after a period of stimulation. It is of interest 
to consider what conclusions may be drawn from the present results as to 
the site of origin of this refractoriness. First, it is clear that marked re- 
fractoriness develops only after the discharge of a spike, evoked by ortho- 
dromic mechanical or electrical stimulation of the sensory ending. Sub- 
liminal stimuli, or antidromic impulses, whether single or repetitive, pro- 
duce only small changes in excitability, with no prolonged recovery phase 
at the end of stimulation. 

In the Pacinian corpuscle the only effect of a subliminal stimulus is the 
production of a brief depolarization (receptor potential) at the sensory 
terminal. If a second subliminal stimulus is presented a short time after 
the first, the receptor potential which it produces is diminished in height 
(Gray & Sato, 1953). The site of origin of the sensory spike is at the first 
node of Ranvier, which lies within the body of the corpuscle (Diamond, 
Gray & Sato, 1956; Loewenstein & Rathkamp, 1958). The amplitude of 
the receptor potential is proportional to stimulus strength, and a spike is 
fired from the first node when the receptor potential reaches a certain 
critical height (Loewenstein & Altamirano-Orrego, 1958). Depression of 
the receptor potential, as by the evoking of a preceding potential a short 
time before, would thus be presented as a threshold rise or apparent re- 
fractoriness. This is a possible explanation of the brief refractory state often 
observed to follow a subliminal stimulus to the frog-skin mechanoreceptor. 
On the other hand receptor potentials in the Pacinian corpuscle have been 
shown to sum at short time intervals (Gray & Sato, 1953), a process which 
would be expected to produce a fall of threshold to a test pulse following 
shortly after a subliminal conditioning pulse. In the present observations 
this effect has only been seen occasionally with short (2 msec) conditioning 
pulses, but was commonly observed with long pulses (10-20 msec), the 
summation interval being very short, of the order of 1-2 msec. A possible 
conclusion is that the receptor potential of the frog skin tactile receptor is 
very brief, which would be in accord with present views for a very rapidly- 
adapting receptor. 

Following the discharge of an impulse the Pacinian corpuscle shows a 
refractory phase lasting from 7 to 10 msec originating at the first node of 
Ranvier (Lowenstein & Altamirano-Orrego, 1958). In the absence of 
direct evidence it might be supposed that the long refractory phase 
following the discharge of a spike by the frog-skin tactile receptor also 
develops at the first node. If the refractoriness were due entirely to acti- 
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vation of the first node, then a similar prolonged refractory phase should 
follow activation of this node by an antidromic impulse. This was not found 
to be the case, the refractory state following an antidromic impulse being 
much shorter than that following an orthodromic impulse, though still 
longer than that associated with the main afferent fibre. This is based on 
the assumption that the antidromic spike does not invade the sensory 
terminal, evidence for which has been reported for the Pacinian corpuscle 
(Diamond, Gray & Inman, 1958). The suggestion that this is also the case 
for the tactile receptor is supported by the finding that repetitive anti- 
dromic stimulation produces only a slight degree of fatigue, little exceeding 
that for the main sensory axon. It is proposed that the first node shows a 
fatigue behaviour intermediate between that of a node on the main axon 
and that of the naked terminal, being less readily fatigued than the latter 
and more readily fatigued than the former. Such a behaviour might be 
predicted from its anatomical relationships, being related on one side to a 
normal node, on the other side to the extended naked terminal, distal to 
the last segment of myelin. When excited into all-or-nothing activity the 
first node would be expected to draw current partly from the second node, 
partly from the non-myelinated terminal. The currents associated with 
both excitation and recovery would then differ in their time course from 
those associated with the second or more proximal nodes, being affected 
by the extra ‘loading’ of the naked terminal. None the less the prolonged 
recovery time following an orthodromic impulse cannot be ascribed 
uniquely to events at the first node, if truly revealed by activation by an 
antidromic impulse, recovery from which is considerably more rapid. A 
major part of the refractoriness following an orthodromically-excited spike 
must be attributed to the naked terminal itself. 


SUMMARY 


1. Single tactile receptors in frog skin were excited by brief localized 
mechanical or electrical stimuli, and single impulses were recorded in the 
skin nerve. 

2. Factors affecting the minimum strength for excitation were in- 
vestigated ; the least threshold for the most sensitive receptors was about 
2 » displacement of the skin surface. 

3. A correlation was found between receptor threshold and size of spike 
discharged in the skin nerve. 

4. Cooling or warming caused a rise of threshold, which was lowest and 
showed least change between 18 and 24° C, 

5. Following the discharge of an impulse the receptors showed a pro- 
longed refractory phase, up to 2 sec duration, much exceeding that asso- 
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ciated with a spike conducted in the sensory axon. Single subliminal 
stimuli produced much briefer and less intense refractory states ; repetitive 
subliminal stimulation produced only a slight rise of threshold. 

6. Rates of recovery from a single conditioning impulse varied from one 
receptor to another over a narrow range, but no correlation was found 
between the time course of recovery of a receptor and the amplitude 
of the spike it discharged in the sensory nerve, or with its resting threshold 
value. 

7. During repetitive liminal stimulation the threshold of a receptor in- 
creased, to a degree depending on the given receptor and on the frequency 
and duration of the stimulation; recovery was prolonged up to several 
minutes. Those receptors which showed the greatest delay in recovery 
after a single stimulus following a period of fatigue, showed also the most 
rapid rise of threshold during repetitive stimulation. 

8. A scheme is proposed which correlates the rise of threshold during 
repetitive stimulation with the effect of fatigue on the recovery from a 
single impulse discharge. 

9%. Recovery after an antidromic conditioning impulse was more rapid 
than that following an orthodromic impulse but more delayed than the 
recovery of the myelinated axon. 

10. Conclusions were as follows: The frog-skin tactile receptor shows a 
mechanical sensitivity of the same order as that of the Pacinian corpuscle, 
when measured under optimal conditions. Threshold was affected by 
temperature and fatigue. Receptor recovery after a single impulse dis- 
charge has a much longer time course than the recovery of the sensory 
axon, and is divisible into an early rapid and a late slow phase, the latter 
corresponding in duration with the positive after-potential of frog C-fibres. 
Recovery curves could not be fitted by any simple equation. Fatigue in 
frog-skin tactile receptors arises partly at the first node, partly in the naked 
sensory terminal, the latter having the major role. Subliminal stimulation 
produces a weak refractoriness, probably different in nature from that 
following the discharge of an impulse, and possibly to be explained by 
depression of the receptor potential. It is unlikely that the antidromic 
impulse invades the sensory terminal. 
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The availability of radioactive elements has provided a tool useful in the 
study of the blood—brain barrier. As has been mentioned by Bakay (1956), 
the uptake of radioactive ions by the brain is relatively slow in comparison 
with that of other tissues in the body. Most of the reports in the past have 
dealt with the time to reach equilibrium between the blood and the brain. 
Fishman (1959) performed a series of experiments, using “Na, in which 
various procedures were employed to affect the rate of attainment of 
equilibrium between blood and cerebrospinal fluid (c.s.f.). 

The present experiments are concerned with the transfer of “K from 
blood into e.s.f., using the method of perfusion of the cerebral ventricular 
system described by Bhattacharya & Feldberg (1958). This technique 
makes possible a clearance similar to that commonly used in renal studies. 
With this technique the effect of physostigmine, of air emboli and of a 
number of organic cations, on the permeability of the blood—c.s.f. barrier 
to “K was investigated. 

Physostigmine apparently increases the permeability of the blood-brain 
barrier to barbiturates and acid fuchsin (Greig & Holland, 1949; Greig & 
Mayberry, 1951; Greig & Carter, 1954; Beiler, Brendel & Martin, 1956) 
and decreases it to glucose (Greig & Gibbons, 1959). The effect on transfer 
of “K into the c.s.f. has not been investigated. Air embolism temporarily 
increases the permeability of the cerebral blood vessels to albumin, so 
that injected albumin enters the brain (Lee & Olszewski, 1959), but it i- 
not known whether this procedure also results in an enhancement of transfer 
into the e.s.f. Since a number of organic cations have been shown to 
compete with potassium for secretion by the renal tubules (Kandel & 
Domer, 1957; Domer, 1960) it was of interest to find whether a similar 
interrelationship existed in the exchange from blood into the c.s.f. 
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METHODS 


The experiments were performed on cats weighing 2-1-2-2 kg, anaesthetized with intra- 
peritoneal pentobarbitone sodium 35 mg/kg. The method of perfusion of the cerebral 
ventricles was that described by Bhattacharya & Feldberg (1958). A Collison cannula was 
placed in the left lateral ventricle. Artificial c.s.f. (Merlia, 1940) was perfused at the rate of 
0-1 ml./min from the lateral ventricle, through the third ventricle, into the upper part of the 
aqueduct, where it entered the outflow cannula inserted through the opened cisterna magna, 
and was collected in graduated centrifuge tubes. 

The “K was received as 344 mg (4-44 m-equiv) "K,CO,, having an activity of 5 me, The 
salt was neutralized with HCl to form the salt “KCl. To antagonize the severe cardiac 
depression caused by the intravenous administration of the potassium, 278 mg (5 m-equiv) 
CaCl, was added to the “KC! solution, The resulting solution was then divided into two 
portions and used in experiments on two successive days; owing to the short half-life of the 
**K (12-4 hr), portions of 1/5 and 4/5 of the total volume were used, 80 that approximately 
I me was injected in each experiment. The experiments in which 1/5 or 4/5 of the original 
“KCl solution was injected will be referred to as experiments with the small or large quantity 
of potassium respectively. 

The “K was injected into the cannulated femoral vein and the perfused artificial c.s.f. 
solution was collected subsequently for eight 15 min periods. At the midpoint of each of 
these periods a 0-5 ml, blood sample was taken from the femoral artery by means of a 
siliconed needle cannula which was in the artery. The blood was immediately transferred to 
counting tubes containing sufficient heparin to prevent elotting. The blood and c.s.f.- 
solution samples were counted in a well-type scintillation counter. 

The organic cations examined were dimethylaminoethanol, tetraethylammonium bromide, 
choline chloride, tolazoline hydrochloride (Priscoline) and N’-methylnicotinamide. They 
were dissolved in 0-9°, NaCl solution and infused into the superficial vein of the right fore- 
leg. Infusion was begun 30 min before the injection of the “*K and was continued for 24 hr. 
The rate of infusion was 0-4 ml./min. In the experiments with tolazoline and N’-methyl- 
nicotinamide a priming dose of 4 and 0-25 mg/kg respectively was given in addition, by 
single injection, into the femoral vein at the start of the infusion. 

Unless otherwise stated each value given in the figures is the average obtained in two 
experiments, The values of each pair of experiments have been compared by ¢ teat and were 
found not to differ significantly (P > 0-05), When the effects of physostigmine, air emboliam 
and the organic cations were investigated, the results were considered to be significantly 
different from the controls if P < 0-001, 


RESULTS 


Following the intravenous injection of the small and the large quantities 
of “K there was apparently an immediate transfer into the perfused arti- 
ficial c.s.f. Subsequently the “K concentration in the artificial c.s.f. 
decreased in a manner similar to that in the blood. This suggests a rapid 
equilibration of the potassium between blood and c.s.f. When the large 
quantity of “K was injected, the rate of its transfer did not increase pro- 
portionally. These findings are illustrated in Fig. 1A and B; and the de- 
creased rate of transfer in the experiments with the larger quantity of @K 
is more clearly seen in Fig. 2, which gives the ratios of “K in the artificial 
c.s.f. to that in the blood after injection of the large and the small quantities 
of #K. 
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Figure 3 shows, in experiments in which the small quantity of “K was 
injected intravenously, the effects on its transfer into the artificial c.s-f. 
of physostigmine (at A), of the organic cation dimethylaminoethanol (at 
C) and of air embolism (at B). The dotted lines represent the control “@K 
transfer, uninfluenced by these procedures. Neither the intravenous 
infusion of dimethylaminoethanol (25 mg/kg/hr), nor air embolism pro- 
duced by injecting 0-4 ml. air through a fine needle into each carotid 
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Fig. 1. Concentration of “K in blood (upper record) and in perfusing artificial 
c.4.f. (lower record) after an intravenous injection of the small (at A) and the large 


(at B) quantities of Semi-log scale. 


artery 10 min before the “K injection, significantly altered the potassium 
transfer. On the other hand, the intraperitoneal injection of physostig- 
mine (2 mg/kg) together with atropine sulphate (0-5 mg/kg) 15 min before 
the “K injection greatly decreased its transfer. The transfer decreased to 
such an extent that the ratios became similar to those obtained in the 
experiments in which the large quantity of “K was injected without 
physostigmine. 

Figure 4 shows the effect produced on potassium transfer by intra- 
venous infusion of four different organic cations in experiments in which 
the large quantity of “K was injected. The infusion of choline chloride 
(5 mg/kg/hr) greatly increased the transfer (at A). The transfer ratios 
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became even greater than those obtained in the experiments in which the 
small quantity of “K was injected without choline. The infusion of tola- 
zoline hydrochloride (9°25 mg/kg/hr) and of tetraethylammonium bromide 
(5 mg/kg/hr) also significantly increased the transfer ratios (at B and (), 
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Fig. 2. Ratios of **K in the artificial c.s.f. to blood “K after an intravenous injection 
of the small (upper record) and the large (lower record) quantities of “K. 


but the facilitation of the transfer was small compared to that produced 
by choline. When N’-methylnicotinamide (15 mg/kg/hr) was infused in 
one experiment, the transfer ratios did not differ significantly from the 
control ratios (at D). 

DISCUSSION 


Rudolph & Olsen (1956) showed that in dogs the turnover time of @K 
from blood to c.s.f. is much shorter than that of **Na; for @K the turnover 
time was 9 min, and for “Na it was 143 min. From the experiments of 
Selverstone (1958) we know that the equilibration in the c.s.f. of potassium 


as well as other ions, takes place most rapidly in the ventricular cavities, 
24-2 
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Fig. 3. Ratios of “*K in the artificial c.s.f. to blood “K after an intravenous injection 
of the small quantity of ““K. The dotted lines are taken from Fig. 2. The continuous 
lines are the ratios influenced by intraperitoneal injection of physostigmine (2 mg/ 
kg) plus atropine sulphate (0-5 mg/kg) at A; by injection of 0-4 ml. air into each 
carotid artery at B; and by intravenous infusion of dimethylaminoethanol (25 mg 
kg/hr) at C. For further details see text. 
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Fig. 4. Ratios of “K in the artificial c.s.f. to blood “K after an intravenous in- 
jection of the large quantity of “K. The dotted lines are taken from Fig. 2. The 
continuous lines are the ratios influenced by intravenous infusion of choline chloride 
(5 mg/kg/hr) at A; of tolazoline hydrochloride (9-25 mg/kg/hr) at B; of tetraethyl- 
ammonium bromide (5 mg/kg/hr) at C; and of N’-methylnicotinamide (15 mg/ 
kg/hr) at D. For details see text. 
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especially near the chorid plexuses. The method of perfusing the ventricles 
to the aqueduct thus allows a study of the transfer of substances in these 
regions of optimal transfer. That this transfer of “K takes place rapidly 
is reflected in the high c.s.f. level found in the first 15 min period following 
the intravenous injection of “K, and in the decrease of the concentration 
in the perfused c.s.f. solution during the following 15 min periods, parallel 
with the decreased “K_ level in the blood. 

The injection of a large quantity of potassium decreased the transfer 
ratio from blood to c.s.f. A similar finding was observed with the transfer 
of compounds in the tubules of the kidneys (Peters, 1960). This so-called 
self-depression of transport in the kidney is taken as evidence that the 
system involved is an ‘active’ one requiring an energy source. The same 
conclusion may apply to the transfer of #K into the c.s.f., a view also held 
by Quadbeck (1959), who found a decrease in the rate of “K transfer from 
blood to c.s.f. during hypoxaemia, and in a condition of physical exhaustion. 
In these conditions the passage of bromide and phosphate ions was un- 
affected and their movement was thought to oceur by passive diffusion. 

Although the transport by the renal tubules and the transfer from blood 
to brain or c.s.f. may have many common characteristics, the systems in- 
volved in potassium transfer must be different, since tetraethylammonium 
and tolazoline facilitated transfer into the c.s.f., whereas these organic 
cations are known to compete with potassium for renal tubular transport 
(Kandel & Domer, 1957; Domer, 1960). The system involved in the blood— 
c.s.f, barrier resembles that concerned with the transfer of sodium by the 
frog skin, in that this transport is facilitated by a number of organic 
cations (Skou & Zerahn, 1959). Finally, the facilitation of “K transport 
from blood to ¢.s.f. is scarcely a non-specific property of organic cations, 
since dimethylaminoethanol and N’methylnicotinamide were both found 
to lack this action. 

Physostigmine and other inhibitors of cholinesterase are known to block 
the active transport of sodium in various tissues (Kirschner, 1953; 
Holland & Creig, 1950; Koch, 1954; van der Kloot, 1956). The finding 
that physostigmine greatly decreased the transfer of “K into the c.s.f. 
may be another aspect of this action. This conclusion is in accord with 
the view that energy is required in this transfer. Various authors have 
investigated the effect of physostigmine on the uptake of substances into 
the brain. The uptake of glucose, a non-ionized substance, was decreased 
(Greig & Gibbons, 1959), whereas that of barbiturates, acid fuchsin and 
sulphanilamide, substances which when ionized form anions, was facilitated 
(Greig & Holland, 1949; Greig & Mayberry, 1951; Greig & Carter, 1954; 
Beiler et al. 1956; Paulet, Marsol & Coq, 1957). The difference is under- 
standable, since the rate of transfer of substances across the blood-brain 
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barrier is dependent on the electrical charge of the molecule, the barrier 
generally being more permeable to positively charged compounds (Fried- 
mann, 1942). It is not certain whether inhibition of cholinesterase, thought 
to be also the cause of the blockage of the active sodium transport, is the 
sole explanation for the effect of physostigmine in decreasing the transfer 
of “K into the e.s.f. and for the various effects on the uptake of substances 
into the brain. Paulet et al. (1957), for instance, found no parallelism 
between enzyme inhibiting potency of several anticholinesterases and their 
action on the uptake of sulphanilamide by rat’s brain. 

It is unlikely that the depression by physostigmine of the transfer of 
“K into the c.s.f. is due to accumulation of undestroyed acetylcholine 
caused by cholinesterase inhibition since choline infusion had the opposite 
effect. In this connexion it is interesting that pilocarpine, which shares 
many of the actions of choline and acetylcholine on smooth muscles and 
gland cells, apparently does not affect the permeability of the blood—brain 
barrier (Stern, Slatoweirow & Belkina, 1927). 

In the present experiments injection of air into the carotid arteries did 
not increase the passage of “K into the c.s.f. This result is different from 
that of Lee & Olszewski (1959), who found that air embolism caused a great 
transient increase in cerebral vascular permeability to albumin, but only 
in those vessels reached by the air embolus. It is possible, therefore, that 
the failure to observe an increase in the transfer of #K was due to the fact 
that the air embolus did not reach the vessels involved. 


SUMMARY 


1. The transfer of intravenously injected “K into the perfused cerebral 
ventricles has been studied in anaesthetized cats. 

2. When the same amount of radioactivity was injected in either a 
large or a small amount of potassium, the transfer of the “K from the 
blood into the c.s.f. was decreased by the large amount. 

3. An intraperitoneal injection of physostigmine greatly decreased the 
transfer rate of the intravenously injected “K. 

4. Intravenous infusion of choline, tetraethylammonium or tolazoline 
significantly increased the “K transfer, whereas intravenous infusion of 
dimethylaminoethanol or N’-methylnicotinamide did not alter it. 

5. Injection of air into the carotid arteries did not alter the *K transfer. 
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It is well known that when blood flows through a small artery, the cells 
oecupy the axial stream, leaving a comparatively cell-poor peripheral zone ; 
Bayliss (1959), however, has suggested that this effect may not be as 
marked as had been previously believed. It might be expected that a 
branch leaving such an artery approximately at right angles would sample 
mainly the peripheral zone, and this effect has, in fact, been observed by 
Krogh (1929) who first used the term ‘plasma skimming’ to describe the 
phenomenon. The only previous quantitative investigation is that of 
Pappenheimer (1958) who studied plasma skimming in glass capillary 
tubes and found that the blood emerging from the main tube contained 
47-5%, of cells, while that from a side branch contained only 39 °%,. The 
uterine artery of the rat appears to be a vessel in which plasma skimming 
would occur, since it gives to the uterus a series of branches which leave 
the main trunk at right angles. However, it has been shown (Moffat, 1959) 
that the orifice of each of these branches is provided with a pair of intra- 
arterial cushions. These are streamlined longitudinally and pass on either 
side of the orifice of the collateral vessel, projecting into the lumen of the 
main trunk (Fig. 1). Similar cushions have been described in the arteries 
of many organs of a variety of species, including man. Since these cushions 
project into the region of the axial stream, it occurred to us that their 
function might be to abolish plasma skimming, or even to produce the 
opposite effect by increasing the cell concentration of the blood passing 
into the branch. 

The object of the present study was to make a quantitative investigation 
of plasma skimming in the intestinal arteries of the rat, where there are no 
intra-arterial cushions, and to investigate the effect of the presence of such 
cushions in the uterine artery. The latter vessel was studied in both adult 
and immature rats, since in young animals the cushions are extremely 
small in relation to the size of the lumen (Moffat, 1959). 
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Fig. 1. Diagrammatic representation of the intra-arterial cushions at the origin 
of a branch of the uterine artery. 


METHODS 


The experiments were performed upon 66 Wistar rats divided into three groups. The first 
group consisted of 20 adult females and the second of 20 adult males; all these weighed over 
200 g. The third group of 26 young females were over 9 weeks old but had a body weight of 
less than 200g. The animals were anaesthetized by the subcutaneous or intraperitoneal 
injection of sodium pentobarbitone. The abdomen was opened by a left anterolateral 
incision and, in the case of the females, the left uterine horn and its mesentery were exposed, 
With the aid of a binocular dissecting microscope a suitable branch of the uterine artery 
was chosen and a wisp of cotton wool soaked in 2:4%, papaverine hydrochloride applied to 
the area. Heparin, 125 u, in 0-1 ml. saline solution, was then injected into the jugular vein. 
The operation site was mopped dry and the uterine branch divided a few millimetres from 
its origin, care being taken to avoid damage to the accompanying vein. A sample of 0-02 ml, 
of blood was taken from the bleeding end of the vessel. The bleeding point was then covered 
with a pledgelet of cotton wool, the main trunk divided near the origin of the branch, and a 
further sample of blood removed. All pipettes used had previously been calibrated with 
mercury. The haemoglobin content of the blood samples was estimated by the oxyhaemo- 
globin method (Dacie, 1956), using an E.E.L. portable colorimeter. In the male rate the 
procedure was repeated with a portion of the mesentery of the small intestine in which 
the selected vessels were similar in both size and arrangement to the uterine artery and its 
branches. 

In both male and female rats portions of the main trunk at the origin of the sampled 
branch were removed for histological examination to confirm the presence or absence of 


intra-arterial cushions. 
RESULTS 


The difference between the haemoglobin values of the blood obtained 
from a main trunk and that from its branch in the adult animals is shown 
in Fig. 2. Of the 20 adult females, 17 had a higher Hb value in the sample 
of blood from the branch than in that from the uterine artery itself. In 
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two the values were equal and in the remaining animal the value was 
higher in the main trunk than in the branch. Of the 20 males, 16 had a 
lower Hb value in the sample from the branch than in that from the parent 
mesenteric vessel. In one the values were equal and in the remaining three 
animals the value was higher in the branch than in the main trunk. 

Figure 3 shows, for the 46 females of groups | and 3, the difference 
between the Hb values of the blood taken from the uterine artery and that 
from its branch, plotted against body weight. With few exceptions rats 
weighing under 200 g had a lower Hb value in the branch than in the main 
trunk, while rats weighing over 200 g had a higher value in the branch 
than in the trunk. 


T 
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Fig. 2. Difference between Hb readings of blood from an arterial branch and that 
from its parent trunk, expressed as a percentage of the trunk Hb; each block repre- 
sents one experiment: + value higher in the branch than in the trunk; — value 
lower in the branch than in the trunk. A, mesenteric arteries, group 2; B, uterine 


arteries of adult females, group 1. 


Histological examination confirmed the presence of intra-arterial cushions 
in the uterine arteries of the female rats, and their absence in the branches 
of the mesenteric arteries of the males. Figure 4 compares the cushions in 
an adult (group 1) and a young (group 3) female and illustrates the re- 
latively small size of the cushions in the young rats. 


DISCUSSION 


Some inaccuracies in the haemoglobin values obtained may have been 
introduced by the method of blood sampling. The vessels had to be torn 
across with watchmaker’s forceps, which necessitated the use of papaverine 
to prevent spasm. Nevertheless, it was felt that this was the best method 
of obtaining a suitable sample, since the use of micropipettes has the dis- 
advantage that blood may be removed from either the peripheral or the 
axial stream. Any bias introduced by operation or sampling technique 
would have affected al! the results in a similar way, as an identical pro- 
cedure was followed in each experiment. 

The readings obtained for the uterine arteries showed less scatter than 
those for the mesenteric arteries, since the latter vessels varied somewhat 
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in size and the branches did not always leave the main trunk exactly at 
right angles. 

The results of the studies on the mesenteric vessels confirm that plasma 
skimming occurs in arteries of this size without intra-arterial cushions. 
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Fig. 3. Difference between Hb readings of blood from a branch of the uterine 
artery and that from the parent trunk, expressed as a percentage of the trunk Hb 
and plotted against body weight. + value higher and — value lower in the branch 
than in the trunk. 


When fully developed cushions are present, as in the uterine arteries of 
adult females, blood of a relatively high Hb content passes into the branch, 
and the most likely explanation of this is that the cushions sample the axial 
stream with its high proportion of cells. We propose to use the term ‘cell 
skimming’ for this phenomenon. 

Figure 3 shows that plasma skimming occurs in the uterine artery of 
rats weighing under 200 g, whilst cell skimming takes place in rats whose 
body weight exceeds this figure. Figure 4 explains this difference. In the 
younger animals the cushions are small and project only slightly, if at all, 
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into the lumen of the main artery, whereas in the fully grown animals the 
cushions project almost to the centre of the lumen. 

The cell-skimming function of intra-arterial cushions has not been pre- 
viously described, since it has generally been assumed that they serve to 
control the flow of blood into the collateral branch by a sphincter-like 
action. However, Wagenvoort (1954), in a discussion of a somewhat dif- 
ferent type of cushion in the aorta of Petromyzon suggested that their 
function may be to sample the axial stream, since, owing to the peculiar 
anatomical arrangement in this animal, the peripheral stream may contain 
de-oxygenated blood. Plasma skimming, on the other hand, has been 
observed in vivo by Krogh (1929) in the blood vessels of the frog and also by 
Thuranszky (1957) in the central zone of the retina of the cat’s eye. 


(a) (b) 


100, 


Fig. 4. Tracings of transverse sections of the uterine arteries to show intra- 
arterial cushions at the origin of a side branch. (a) Fully developed cushions from 
an adult female (group 1); (6) immature cushions from a female weighing under 


200 g (group 3). 


It is not easy to account for the functional significance of cell skimming 
in the uterine artery, but it is of some interest to consider the renal cir- 
culation in the light of these results, since Picard, Donnet, Chambost & 
Brechet (1950) and Picard & Chambost (1952) have described intra-arterial 
cushions at the orifices of the afferent vessels leading to the juxtamedullary 
glomeruli in the dog, cat and rat. In the rat the histological structure of the 
cushions in the kidney is similar to that of the cushions in the uterine artery 
and they show similar histochemical reactions (Fourman and Moffat, 
unpublished). It has been suggested by Pappenheimer & Kinter (1956) and 
Kinter & Pappenheimer (1956a, 6), that plasma skimming occurs in the 
interlobular arteries and that this phenomenon may explain many aspects 
of renal physiology. One implication of this theory is that the relative 
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haematocrit of the blood in the interlobular arteries will increase as the 
arteries approach the more superficial layer of the cortex. Emery, Gowen- 
lock, Riddell & Black (1959), who worked on the dog’s kidney, have, how- 
ever, shown that the value is higher in the deeper layers. This may readily 
be explained on the basis of cell skimming by the cushions at the orifices 
of the afferent arterioles of the juxta-medullary glomeruli. Such cell 
skimming, would, like plasma skimming, produce ‘cell separation’ and 
provide an equally satisfactory explanation of many of the findings upon 
which Pappenheimer and Kinter based their hypothesis. 


SUMMARY 


1. The Hb value of blood obtained from an arterial branch was com- 
pared with that of blood from the parent trunk in 66 rats. 

2. In the 20 males, in which the mesenteric arteries were used, the Hb 
value was lower in the branch than in the main trunk. This was attributed 
to plasma skimming. 

3. In the 20 adult females, in which the uterine arteries were used, the 
Hb value was higher in the branch than in the main trunk. In the 26 
females which had a body weight of less than 200 g, the Hb value was lower 
in the branch than in the main trunk. 

4. Large intra-arterial cushions in the uterine artery of the adult 


animals project towards the centre of the lumen to sample the axial stream, 
thus producing ‘cell skimming’. In the immature animals the cushions 
project little, if at all, into the lumen, so that plasma skimming occurs. 

5. The significance of similar cushions which are found in the kidneys of 
a number of animals is discussed. 


We should like to thank Miss V. E. M. Mahoney for skilled technical assistance. 
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It has been shown that the contractile mechanism in smooth muscle can 
be activated without immediately preceding membrane potential changes 
(Evans, Schild & Thesleff, 1958; Durbin & Jenkinson, 1959). Similarly, 
Axelsson & Thesleff (1958) found that in striated muscle also tension could 
be developed by caffeine without membrane potential changes. On the 
other hand, electrical activity can be maintained for a long time without 
tension response when the energy sources have been reduced, either by 
the use of metabolic inhibitors or by withdrawal of external glucose 
(Bilbring & Liillmann, 1957; Axelsson, Bueding & Biilbring, 1959). 
Other means of maintaining transmembrane potential changes without 
tension response have already been described briefly (Axelsson & Biilbring, 
1959; Axelsson, 1960). In the present paper the effect of various changes 
in the ionic composition of the bathing solution on automaticity and con- 
ductive properties of taenia coli will be discussed. The main attention in 
this investigation was focused on situations where the electrical and 
mechanical activity were separated, and apparently normal electrical 
activity was maintained without a tension response. 


METHODS 


The sucrose-gap method which was used in all the experiments in this paper was intro- 
duced by Stampfli (1954). Its adaptation for smooth muscle was described by Burnstock & 
Straub (1958). The method of stimulating the muscle was similar to that of Burnstock (1958). 
The tension was recorded with a mechano-electric transducer valve, as described by Biil- 
bring (1955). The composition of the normal bathing solution was (mm): Na 137-47, 
Ca 2-49, K 5-93, Mg 1-19, Cl 134-11, HCO, 15-48, H,PO, 1-19, glucose 11-50. This solution 
was saturated with a gas mixture of O, 97% +CO, 3%. 

In the ‘sodium-free’ experiments the sodium chloride was replaced with an equivalent 
amount of lithium chloride, hydrazine hydrochloride or choline chloride; the NaHCO, 
was also removed and replaced with 4-7 mm-KCO,, a corresponding amount of KCI being 
withdrawn. This solution was gassed with O, 99%+CO, 1%. In the ‘sodium-deficient’ 
experiments 11 % of the sodium was left in the solution as NaHCO,. In some of these experi- 
ments only a proportion of the NaCl was replaced. The percentage of the normal sodium 
concentration left in the solution will be stated as each experiment is described. 

In other experiments the chloride was substituted as well. The preparation of sodium 
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ethanesulphonate was described in detail by Goodford & Ing (1959). All the sodium chlo- 
ride was replaced with lithium ethanesulphonate, and the NaHCO, was replaced with 
KHCO, in the manner described above, The solution was gassed with CO, 1% +O, 99%. 

In a few experiments, in which the caleium and potassium concentration of the bathing 
solution was reduced, an equivalent amount of sucrose was added to the solution. 


RESULTS 
The effect of substituting NaCl with LiCl 
Electrical activity. Substitution of NaCl with an equivalent amount of 
LiCl did not suppress the spontaneous activity, except after very pro- 
longed exposure. In most experiments the frequency was temporarily 
increased after a short initial inhibition. 


i 


80min f [85min g! 90min 100min 
10 sec 


Fig. |. Guinea-pig taenia coli. Upper record, spontaneous electrical activity. 
Lower record, tension (a) in normal solution, (+)-(4) 20-100 min in sodium-free 


lithium solution, (7) 30 min in normal solution. 


Figure | shows a typical effect of total removal of sodium. The NaCl 
was replaced with LiCl and the NaHCO, was also withdrawn and partly 
replaced with KHCO, as described in Methods, On changing to this solu- 
tion an initial inhibition of spontaneous discharge was observed which 
lasted for 5 min. During the following 70 min the spikes increased in 
frequency and amplitude. Then they began to decline both in frequency 
and amplitude and became of slower time course. Finally, after 100 min 
exposure to sodium-free solution only slow fluctuations of the membrane 
potential were recorded. Recovery was slow. After 30 min in normal 
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solution spontaneous activity returned. In this experiment the introduc- 
tion of 11°% of the normal sodium, in the form of the Na buffer, did not 
restore the electrical activity after 90 min exposure to sodium-free solution. 

In other experiments only the NaCl was replaced by LiCl, the Na buffer 
was left in the solution. Such an experiment is illustrated in Fig. 2. 
The change to the sodium-deficient solution caused an immediate but 
transient inhibition of the spontaneous activity. After 10 min exposure 
the activity was already faster than in normal solution (Fig. 25). After 
20 min the electrical activity was still increasing, but shortly afterwards 


b c 
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10 min 11%, Na* | 20 min 11% Na* 
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30 min 11% Na* | 60 min 11% Na’! 20 min normal | 
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Fig. 2. The effect of reducing sodium to 11% of normal, Records as in Fig. 1. 
(a) normal solution, (b)-(¢) the NaCl was substituted with LIC! but 11% of the 
normal sodium concentration was present as NaHOO,, (f/) recovery after 20 min 
in normal solution. 


the frequency began to slow (Fig. 2d). After 60 min exposure occasional 
spikes were recorded, otherwise only slow waves, Normal solution restored 
normal spontaneous activity within 15 min. Figure 2f shows the activity 
after 20 min in normal solution. In the same experiment, during the 
second exposure to sodium-deficient solution, the frequency of spontaneous 
spike discharge was increased four times during the first 15 min of exposure 
and slowed down to normal when the normal sodium concentration was 
reintroduced. Usually some hyperpolarization (ca, 10 mV) was recorded 
on returning to normal solution. There was a considerable variation from 
25 PHYSIO, CLVII 
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one preparation to another but similar effects to those described were 
observed in most experiments. The time taken to abolish the spontaneous 
spike discharge varied from 30 to 100 min. Usually the persistence of 
activity was related to the amount of sodium left in the solution. The 
response to electrical stimulation was facilitated during early stages of 
exposure to sodium-free lithium solution. In the final stages the muscle 
could usually be driven electrically for some time after the spontaneous 
activity had already stopped. 

In several experiments the sodium concentration was varied from zero 
to 20, 50 and 80°, of normal, and in the reverse order. A change from a 
higher to a lower concentration increased the frequency, whereas a change 
from a lower to a higher concentration decreased the frequency. The rate 
of the spontaneous spike discharge could thus be changed several times 
in the same experiment by changing the percentage of sodium replace- 
ment with lithium. 

Tension. The same experiments which have been described above 
demonstrated the fact that action potentials of increasing amplitude and 
frequency failed to produce tension in sodium-free lithium solution. 
Figure 1(b) shows that already after 20 min exposure to sodium-free 
solution the tension response was very much decreased. Later it was 
entirely abolished, while electrical activity was progressively increased. 
Finally, spontaneous activity stopped, but when it started again in normal 
solution, spikes of similar amplitude to those, which in the absence of 
sodium entirely failed to produce tension, were now followed by a big 
tension response. Figure 2 shows that the tension response was also very 
much reduced when 11 °, of the sodium was left in the solution. The spikes 
after 30 min exposure to this solution appeared to be unchanged in shape 
and of greater amplitude, yet the tension was very much less compared 
with normal. On return to normal solution, the tension increased, as is 
seen by comparing the activity in (c) after 20 min in sodium-deficient 
solution with that in (/) after 20 min in normal solution. The experiments 
in which the sodium concentration was varied from zero to 80 °%, indicated 
that the critical percentage of sodium replacement by lithium for the 
tension response was around 50%. Though the spikes evoked by stimula- 
tion persisted for a longer period in sodium-free lithium solution than 
spontaneously arising spikes, the tension response to both disappeared 
at the same time. 


The effect of substituting NaCl with hydrazine chloride 
Considering the possibility that lithium might have a specific inhibitory 
effect on the contractile mechanism in smooth muscle, it was of interest 
to use another substitute for sodium, and to see whether a similar dis- 
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sociation of the electrical and mechanical activities could be obtained. 
Hydrazine was described as a substitute for sodium by Koketzu & Nishi 
(1959). In the following experiments the sodium chloride was therefore 
replaced with hydrazine hydrochloride. 

Electrical activity. Figure 3 illustrates a typical effect of hydrazine sub- 
stitution when the sodium buffer was replaced as well. After 17 min the 
spontaneous activity stopped. The conducted response to electrical stimu- 


Hydrazine HC! 


10 min ¢ 


20 min i} 33min 
1 min 

Fig. 3. The effect of substituting sodium with hydrazine. (a), (b) and (c) normal 
solution. (a) spontaneous activity; (b) electrically stimulated frequency 20/min; 
(c) stimulated at 36/min; (d) spontaneous activity (the arrow marks a sodium-free 
hydrazine solution); (e) 7 min in hydrazine stimulated at 36/min; (f{) spontaneous 
activity after 10 min in sodium-free hydrazine solution; (g) after 13 min, stimu- 
lated at 36/ min the electrical record is comparable to (c), but the tension is greatly 
reduced ; (h) after 16 min it responds only to every other stimulus at the frequency 
of 36/min, no spontaneous activity ; (¢) after 21 min conduction has failed; (7) note 
the tension response in the absence of conducted electrical activity. 

25-2 
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lation gradually failed, and was abolished after 21 min exposure to hydra- 
zine solution. It should be noted that after 33 min some tension response 
could still be recorded in response to electrical stimulation while no spikes 
were conducted. This might indicate that the cells were not inexcitable 
when subjected to a supramaximal stimulus but that conduction had 
failed. Recovery in normal solution was slow. In this experiment the 
first spontaneous discharge was recorded 45 min after washing out the 
hydrazine solution. Only after 90 min in normal solution could the muscle 
be electrically stimulated at the original frequency. When subjected for 
the second time to sodium-free hydrazine solution the spontaneous 
activity was abolished within 8 min and the conducted response after 
14 min exposure. Recovery took 20 min. Again there was a distinct time 
lag between the stoppage of spontaneous activity and abolition of excita- 
bility or conduction. 

In some experiments spontaneous firing of spikes could be maintained 
much longer by stretching the muscle several times during exposure to 
hydrazine solution. This was done in the experiment shown in Fig. 4, and 
spikes were still observed after 45 min in hydrazine; after that only slow 
waves were recorded. In this and many other experiments a characteristic 
increase in the positive after-potential of the compound spike was noticed 
(see also Fig. 3(/)). 

Tension. Figure 3 also illustrates the effect of hydrazine substitution 
on tension. After 10 min in hydrazine solution (Fig. 3 (f)) spontaneously 
arising spikes produced a very small tension response compared with that 
in normal solution. Electrically driven spikes (g) and (A) of similar fre- 
quency and amplitude as (4) and (c) in normal solution, produced scarcely 
any tension after 13 min exposure to the hydrazine solution. 

When spike activity recovered in normal solution, the spikes were 
followed by good tension. After 13 min exposure to sodium-free hydra- 
zine solution for the second time driven spikes entirely failed to produce 
tension. When sodium was reintroduced there was full recovery. Figure 4 
shows that after prolonged exposure to hydrazine solution spike-like poten- 
tial changes of high amplitude also failed to produce tension after repeated 


stretch. 
The effect of substituting NaCl with choline chloride 


Holman (1957) has described the effect of replacing sodium with 
choline on electrical and mechanical activity of taenia coli. Its depolar- 
izing effect complicates its use. In many experiments atropine was there- 
fore added to the bathing solution. 

Electrical activity. In experiments in which atropine (10-°) was used and 
11%, of the sodium was left in the solution as NaHCO, good spontaneous 
activity was still recorded after 80 min exposure to choline solution 
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(Fig. 5(e)). After an initial increase in the frequency it gradually slowed 
down for the first half hour. After this period the amplitude and frequency 
of the spikes remained unchanged for 80 min. At that point the sodium 
present as bicarbonate was also removed (f). The spikes took the form of 
slow waves and finally disappeared. A small depolarization of 2~5 mV was 
recorded. When the buffer was returned the slow waves immediately 
reappeared, and after 5 min conducted spikes were recorded (g). 


Normal |Hydrazine Normal 


| 
| | | 


15 min 40 min 45 min 5 min 15 min 
a b di 10sec 


Fig. 4. Spontaneous activity. (a) Normal solution; (6) sodium-free hydrazine 
solution for 15 min; (c) after 40 min in hydrazine—the muscle was stretched | mm 
between (6) and (c); (d) 45 min in hydrazine—the muscle had been stretched further 
1 mm; (e) and (f) show the recovery of the tension response in normal solution. 


A few experiments were done in which noe atropine was added to the 
solution. The effect produced by choline was depolarization and increased 
spontaneous discharge, which continued for a short time only, depending 
on the choline concentration. Conducted responses to electrical stimulation 
were maintained, however, until the sodium concentration was reduced 
below 30%. Conduction velocity was always slowed. 

Tension. A dissociation between electrical and mechanical activity was 
also obtained in choline solution, provided that the Na buffer also was 
replaced. In Fig. 5(f) it can be seen that tension was normal for 80 min 
when NaC] was replaced by choline chloride. When, however, all the sodium 
was removed, there was a period of | min of normal electrical activity 
during which the spikes failed to produce tension. Furthermore, it should 
be noted that slow waves of similar amplitude to those which failed to 
produce tension in sodium-free solution were followed by tension in sodium 
containing solution (g). The gradual disappearance of the dissociation was 
obvious during the recovery from choline solution. It has been mentioned 
above that conducted spikes were maintained for some time at different 
concentrations of choline chloride. However, the tension response to 
driven spikes was also decreased in the sodium-deficient solution. 

When, in the absence of atropine, all spontaneous and conducted 
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activity was abolished by replacing all the NaCl with choline Cl and the 
membrane was ca. 15 mV depolarized, a high tension was maintained for 
several minutes, after which it slowly declined in the course of 10-20 min. 


lb c d e 
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4 min with Na buffer 25 min 

1 min 
Fig. 5. The effect of substituting sodium with choline, Spontaneous activity: 
(a) normal solution; (6)}-(e) sodium chloride was replaced with choline chloride 
but 11% of the sodium was present as NaHCO,; (f) the sodium buffer was also 
removed and replaced with potassium buffer; the record starts when the muscle 
had been | min in sodium-free solution; (g) and (h) 4 and 25 min after the sodium 
buffer was returned. 


This indicated that, although the phasic response to an action potential 
was abolished, a contracture in response to depolarization could still 
develop. Furthermore, no comparable contracture was obtained in re- 
sponse to depolarization of the same magnitude due to high potassium 
(10-20 times normal). A different permeability change might therefore 


be produced by choline. 
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The effect of substituting NaCl with LiC,H,SO, 

It was also of interest to know whether some activity could be 
obtained in a solution in which both sodium and chloride had been with- 
drawn. A substitute for chloride, ethanesulphonate, has been described by 
Goodford & Ing (1959). I am indebted to Dr Ing for preparing a new sub- 
stitute for sodium chloride, lithium ethanesulphonate. In the experiments 


60 min in lithium ethanesulphonate 
c d e f 


30 min 


100 min 


15 min in NaCl 
1 min 


Fig. 6. The effect of substituting both sodium and chloride. (a) Normal solution, 
first spontaneous activity then the response to electrical stimulation; (b) 60 min 
in sodium-free lithium ethanesulphonate, first the response to electrical stimula- 
tion (frequency 20/min) then spontaneous activity; (c) first spontaneous activity, 
then stimulated at 40/min; (d) Same, but frequency 35/min; (e) and (f) recovery in 
normal solution. After 15 min (e) it can only be driven at 14 min, but the phasic 
tension response is back; after 30 min (/) it is again driven at 40/min; the tension 
is normal. 


to be described all the sodium chloride was replaced by lithium ethanesul- 
phonate, the sodium buffer was partly replaced by potassium buffer (see 
Methods), and chloride was present only as calcium and magnesium 
salts. 

Electrical activity. Spontaneous spike activity was recorded for 90 min 
in lithium ethanesulphonate solution. Figure 6 shows that only after 
100 min exposure had the spontaneous activity taken the form of slow 
waves rather than spikes. The muscle still responded to electrical stimula- 


b 
| 
| 

| 


390 J, AXELSSON 


tion with conducted responses. It should be noted that the latency was 
long compared with that in normal solution. Usually there was a slow 
depolarization during the prolonged exposure (not shown in Fig. 6, as 
base line was shifted). When returning to normal solution there was a 
repolarization of 10-20 mV. 

Figure 7 is taken from another experiment and shows that only after 
130 min exposure did the conducted responses fail and the latency become 
very long. At this stage the membrane was ca. 20 mV depolarized. During 
the first 5 min in NaCl the membrane repolarized 20 mV, the spikes 
increased in amplitude and the latency became normal. It is not excluded 
that part of membrane potential changes observed when chloride is 
replaced with ethanesulphonate might be due to junction potentials. 

Tension. From Fig. 6 it is clear that after 60 min exposure to lithium 
ethanesulphonate neither spontaneous nor stimulated spikes of normal 
amplitude and frequency produced any tension. On the other hand, 
driven spikes of much smaller amplitude gave good tension 15 min after 
returning to NaCl. The tension improved further and became normal 
within 30 min. 

In Figure 7 it is shown that neither the membrane potential nor the 
amplitude of the spikes determined the tension response, as larger spikes 
taking off from a hyperpolarized level still failed to produce tension 


shortly after returning from lithium ethanesulphonate into normal solu- 
tion. Only after 10 min recovery did the tension start to improve, and to 
increase in response to much smaller spikes. 


The effect of reducing calcium 

Electrical activity. In several experiments the external calcium was 
reduced to 25, 15 and 5°, of its normal concentration. In these experi- 
ments the external potassium was reduced to the same extent. Figure 8 
shows the immediate effect of reducing both to 5°, of their normal value. 
The increased frequency of spontaneous spike discharge lasted for 8 min. 
At that time normal solution was returned. It immediately slowed the 
frequency (Fig. 8(5)). 

Similar effects were obtained by reducing both Ca and K to 15 and 25% 
of their normal concentrations. The increased frequency of spontaneous 
discharge was maintained for 10-15 min. The amplitude of the spikes was 
reduced. When the normal solution was returned the frequency slowed and 
the amplitude of spikes increased again. 

In other experiments calcium was totally removed without changing the 
potassium concentration. Figure 9 shows such an experiment. In normal 
solution the spontaneous activity was exceptionally slow. Removal of 
calcium caused a shortlasting increase in frequency (Fig. (96)). After that 
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the frequency and amplitude of spikes remained normal during the 12 min 
exposure. In other experiments no increase in spike frequency was ob- 
served in calcium-free solution. The spikes remained of unchanged ampli- 
tude until they stopped altogether after about 14 min. On returning to 
normal solution the spontaneous activity was restored within 2 min. In 
subsequent experiments in which the muscle was exposed for longer 
periods to calcium-free medium the spontaneous activity always stopped 


130 min in lithium ethanesulphonate 
b c 


5 min in NaCl 10 min 


1 min 


Fig. 7. (a2) after 130 min exposure to sodium-free lithium ethanesulphonate 
solution; no spontaneous spike activity; conducted response with long latency 
still obtained; 20 mV depolarized compared with normal; (6) normal solution 
caused 20 mV repolarization; after 5 min the muscle was excitable; epikes with 
short latency and of 30-40 mV amplitude were recorded, but without a tension 
response. (c) 10 min in normal solution; gradual recovery of tension. 


with or without a short-lasting initial increase in frequency. When spon- 
taneous activity was no longer recorded the muscle could usually be 
electrically stimulated. The conducted response was abolished in most 
experiments a few minutes after spontaneous activity had ceased. 

In some experiments the amplitude of the spikes decreased considerably 
in calcium-free solution while the rate of discharge was still increased or 
unchanged. This might indicate failure of conduction or less synchroniza- 
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Fig. 8. The effect of reducing both calcium and potassium to 5% of their 
normal concentration. Spontaneous activity, (b) 4 min after the end of (a). 
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Fig. 9. Spontaneous activity. Calcium totally removed; potassium unchanged. 
After 12 min exposure to calcium-free solution the normal solution was returned. 
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tion in the calcium-medium. The latency of the response to electrical 
stimulation increased in calcium-free solution. 

Tension. The importance of calcium for both phasic and tonic tension 
response in several types of muscle have been described by other authors 
(Denton, 1948; Niedergerke, 1956; Liittgau & Niedergerke, 1958; Frank, 
1960; Edman & Schild, 1961; Durbin & Jenkinson, 1961). The present 
experiments seem to prove the importance of calcium for the tension 
response evoked by an action potential in smooth muscle. Some of those 
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Normal 49 min 90min | 100min | ‘28min | 30min 


Fig. 10. The effect of removing the external potassium. (a), (6) and (c), spon- 
taneous activity; (d) ca. 20 mV hyperpolarized ; spontaneous activity had stopped ; 
stimulated frequency 12 min, responds to every other stimulus; (¢) stimulated at 
8/min; (f) after 30 min in normal solution, driven at 12/min, 


experiments are complicated by the fact that potassium was reduced to 
the same extent as calcium. Figure 8 shows that while the frequency was 
greatly increased the tension was not maintained, but rapidly declined in 
5°% of the normal concentration of calcium and potassium. The same 
occurred when both Ca and K had been reduced to 15°%, of their normal 
concentrations. On the other hand, when Ca and K had been reduced 
only to 25 °%, the tension was maintained, although the usual acceleration 
of the spike frequency was seen. The critical value therefore seemed 
to be around 20%, of the normal calcium concentration. The conclusion 
that the reduction in calcium was the cause for the immediate abolition 
of tension was justified by the experiment illustrated in Fig. 9, in which 
the calcium only was reduced without any change in the potassium con- 
centration. In most experiments of the same kind there was a distinct 
time lag between the failure of tension and the cessation of the electrical 
activity. 
Potassium 

It was by no means ruled out that potassium might also be of impor- 
tance for the development of tension in smooth muscle. A reduction of 
intracellular potassium during substitution of sodium with other ions was 
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considered as a possibility. A few experiments were therefore carried out 
in which the potassium concentration of the bathing solution was reduced 
to 1-2 m™ or totally removed in another. Hyperpolarization developed 
slowly during the 100 min exposure to potassium-deficient solution 
(Fig. 10). The frequency of the electrical activity slowed, but the amplitude 
of spikes remained unchanged or increased. Tension only decreased after 
prolonged exposure. The effect of low potassium on membrane potential, 
driving rate and tension will be further investigated. 


DISCUSSION 


The results described here were obtained with the sucrose-gap method. 
A weakness of this method is that the electrical and mechanical records 
are not necessarily obtained from the same cells. The most rigorous con- 
dition for the study of the correlation between the electrical and mechanical 
activity would be to record both from isolated fibres. 

On the other hand, since electrical stimulation of the muscle was 
introduced there are grounds to assume that the present method of ex- 
ternal recording secures a certain correlation between the electrical and 
mechanical activity. In order to be recorded at the junction between suc- 
rose and Ringer's solutions, the electrical response set up by stimulation 
is presumably conducted from the point of stimulation over the entire 
piece of muscle involved in developing tension. Thus, if action potentials 
of high frequency and undiminished amplitude are recorded in response 
to electrical stimulation without tension response, it is concluded that 
transmembrane potential changes are taking place without the usual 
activation of the contractile elements, 

The reasons why the spikes fail to produce tension in the different 
solutions are, on the other hand, still obscure. The possibility remains that 
changes in spike configuration might take place, which could be responsible 
for the abolition of tension. In fact, the duration of the compound 
spikes was always prolonged after long exposure to sodium-free solutions. 
With the present method, however, no conclusions could be reached 
about the configuration of individual spikes. It will therefore not be 
discussed further, and will have to be separately investigated by means 
of micro-electrodes. There could be numerous other reasons for the 
failure of tension. The substitutes used for sodium could themselves 
be specific inhibitors of the contractile system in smooth muscle or they 
might inhibit metabolic processes or energy utilization and bring about 
their effect on tension in this way (Bilbring & Liillmann, 1957; Axelsson 
& Bilbring, 1961). The fact that sodium-free choline solution in the 
absence of atropine produced a contracture indicates that it did not poison 
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the contractile mechanism. ‘The same observation indicated a difference in 
the phasic and tonic tension responses with respect to their dependence 
on sodium. 

As for the experiments on the effect of calcium there can be no ques- 
tion of a poisoning of the contractile system, as no new ion was intro- 
duced. It is likely that calcium is essential for the phasic tension response 
as well as for the tonic one obtained in depolarized muscle (Durbin & 
Jenkinson, 1961). Our experiments are, however, not strictly comparable 
to the experiments of Durbin & Jenkinson, because their observations 
were made at 19-23 °C. | have found a difference in both the phasic and 
tonic responses at different temperatures. Especially the relaxation of the 
phasic response was markedly slowed at lower temperature. 

Keynes & Swan (1959) have shown that in frog skeletal muscle, although 
the ‘ passive’ spike mechanism does not discriminate between lithium and 
sodium, the ‘pumping process’ does so and its activity is slowed, This 
might also hold for smooth muscle and may be true for hydrazine and 
choline as well. A consequence of the assumption that the substitutes 
for sodium are not pumped out would be an accumulation of those ions in- 
side the fibre and probably a corresponding loss of other cations. Indeed 
Goodford & Hermansen (1961) found that potassium was lost as lithium 
was taken up by taenia coli in sodium-free lithium solution. A few 
experiments were done in potassium-deficient solution, bearing in mind 
the possibility that loss of intracellular potassium might affect the tension 
response. It was found that after | hr exposure the tension fell and it has 
been shown by P. J. Goodford (personal communication) that the intra- 
cellular potassium was reduced by about 50°, at this time. The reduction 
of intracellular potassium could then be considered as a possible explana- 
tion of the effect on tension of, at least, lithium. 

The effects of changes in ionic composition on the electrical activity 
can only be discussed in terms of rate of spontaneous spike discharge 
and the rate at which the muscle can be electrically driven. It was in 
itself a remarkable observation that spontaneous activity, excitability and 
conduction persisted for more than an hour in a solution practically 
free from both sodium and chloride. Moreover, the spontaneous frequency 
and driving rate was often temporarily increased in sodium-deficient 
solution. It was usually during this period of increased electrical activity 
that the tension response started to fail. The tension was in most cases 
abolished before a failure in the electrical activity was observed, But 
the ultimate effect of the withdrawal of sodium was that spontaneous 
firing stopped. Conduction of electrically stimulated spikes continued for 
some time after that, but the conduction became slower and finally the 
muscle became inexcitable. Before this occurred conduction was blocked, 
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as is indicated by the fact that sometiqes a very small tension change 
could be recorded in response to supramaximal stimulation when no 
conducted spikes were seen. This might indicate a local non-propagated 
firing. Taking all this into account a possibility remained that a smaller 
number of cells might be activated, even at a time when no reduction in 
spike amplitude or frequency was observed, and that this might account 
for the fall in tension. However, experiments in which excitability was 
greatly increased by substituting chloride with nitrate make this unlikely, 
as the tension was greatly reduced in lithium nitrate. These experiments 
will be described in a subsequent paper. It is therefore considered unlikely 
that the effects of different substitutes for sodium on the tension response 
could be explained mainly as being due to reduction in synchronization or 
conduction of spikes. 

It was concluded above that calcium was essential for the phasic ten- 
sion response evoked by action potentials, as well as for the contracture 
in depolarized smooth muscle, as demonstrated by Durbin & Jenkinson 
(1961) and by Edman & Schild (1961). The present investigation indicated 
that calcium was also essential for spontaneous spike discharge and con- 
duction in taenia coli. It can therefore not be excluded that the lack of 
tension in calcium-deficient solution might to some extent be due to its 
effect on conduction. However, a distinct time lag was observed between 
the abolition of the tension and the failure of the electrical activity. 
The most favourable conditions for demonstrating the abolition of tension 
by Ca lack were experiments in which both calcium and potassium were 
reduced. In these experiments the electrical activity was increased for 
some time, while the tension rapidly disappeared. The reduction of potas- 
sium alone was never observed to affect the tension response within a 
similarly short time, but reduced it only after very prolonged exposure. 

Although in normal conditions a transmembrane potential change 
precedes an activation of the contractile elements, the ionic movements 
during its various phases should perhaps be considered rather than the 
actual potential change. The present experiments have shown that a 
dissociation between the electrical and mechanical events can be brought 
about in various ways. Though of little value for the understanding of the 
electromechanical coupling, they may provide a tool for investigation of 
the link between the electrical and mechanical events in smooth muscle. 


SUMMARY 
1. Electrical and mechanical activity of the guinea-pig’s taenia coli was 
simultaneously recorded by means of the sucrose-gap method. 
2. The sodium in bathing solution was partly or totally replaced with 
lithium, hydrazine and choline respectively. 
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3. Electrical activity persisted in sodium-deficient solution, while the 
tension response was abolished. 

4. The ultimate effect of sodium-free solution was to abolish both spon- 
taneous activity and the conducted response to electrical stimulation. 

5. When chloride was replaced as well as sodium with lithium ethane- 
sulphonate, spontaneous electrical activity persisted for 1-2 hr but the 
tension response was abolished. 

6. Calcium was found to be essential for both the mechanical and the 
electrical activity of taenia coli. The tension response was, however, 
abolished at a time when no failure in electrical activity was observed. 

7. Possible reasons for the dissociation between the electrical and mecha- 
nical activity in the sodium-deficient solution are discussed. 


Since this paper went to print Abood, Koketzu, Barbato & Dobbs 
(1961) have published a paper in which they describe that hydrazine 
inhibits phosphorylation in different tissues. This supports the suggestion 
put forward in the present paper that some of the substitutes used for 
sodium might cause their dissociating effect by inhibition of metabolism. 
This suggestion was made in view of the findings of Axelsson & Biilbring 
(1961) that electrical activity continued and excitability was increased in 
the absence of glucose in the bathing solution and in the presence of 
different metabolic inhibitors. Tension was however abolished while spike 
activity was unimpaired. Thus the energy requirements of the electrical 
activity appeared to be much less than that of the contractile mechanism. 
Abood et al. (1961) also found that electrical activity was maintained for 
a long time in the presence of metabolic inhibitors in the different tissues 
they worked on. 


I wish to thank Dr E. Biilbring for help and advice throughout this work, Dr H. R. Ing 
for making the lithium ethanesulphonate, Mr O. B. Saxby for his unfailing technical assis- 
tance, and the Icelandic Scientific Research Fund for financial support of this work. 
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Method for measuring the rate of flow of urine in rabbit foetuses 


By Marcaret W. Sranter. Medical Research Council Department of 
Experimental Medicine, University of Cambridge 

The foetus at 25-28 days’ gestation is delivered by Caesarian section 
from an anaesthetized doe. The uterine wall may be stitched. The umbilical 
cord is left intact and a few drops of formol saline or 2°, papaverine solu- 
tion are placed on the cord to help to prevent the constriction of the 
umbilical vessels. The foetus is placed on an electrically heated plate, and 
foetus, cord and uterus are surrounded by swabs soaked in warm liquid 
paraffin, frequently renewed. This ensures that the temperature in the 
pelvis of the foetus does not fall below 35-5° C. 

The abdomen of the foetus is opened and its bladder exposed. A small 
strip of plastic sheet is passed under the bladder to make it easier to see. 
One end of a piece of polythene tubing (0-5-1 mm internal diameter) is cut 
to a bevelled tip, and the tip is inserted into the bladder through a small 
hole pricked with a needle in the bladder wall. The bladder is emptied by 
gentle suction applied by a syringe to the other end of the tubing, and by 
gentle pressure with a finger-tip on the bladder wall. A mark is made on 
the tubing at the point reached by the meniscus of the urine. After a timed 
interval (3 min or 4 min) during which the meniscus may rise up the tube, 
the bladder is again emptied by gentle suction and the new level of the 
meniscus is marked. The length of tubing between the marks is sub- 
sequently measured, and the tubing is calibrated by weighing measured 
lengths of water in it. Rates of flow between 0-1 and | l./min are usually 
obtained. 

If the foetus remains in good condition with a vigorous umbilical circu- 
lation, the process can be repeated for some time. The time limit is set 
either by the separation of the placenta, or by the constriction of the 
umbilical vessels at the umbilicus. The older the foetus the more prone its 


arteries seem to be to this spasm. 
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An artificial placenta 
By L. Lawn and R. A. McCance. Medical Research Council Department 
of Experimental Medicine, University of Cambridge 

The apparatus at present consists of: 


(i) A container for the foetus. This may be either a closed glass vessel 
in which the pressure on the foetus can be varied, or an open tank. Both 
are filled with isotonic glucose solution. 

(ii) An oxygenator. Plastic gauze disks are made to revolve horizontally 
in a Perspex tube through which oxygen or a gas mixture passes. The 
blood occupies the lower third of the tube. 

(iii) A dialyser. Five feet (1-5 m) of }in (6mm) cellophane dialysing 
tube is suspended as a flat spiral in a plastic bath containing the dialysing 
rinse. The blood flows hydrostatically through this tube. The rinse can 
be quickly changed. 

(iv) Flowmeters. Two recording drop-counters are used. One registers 
the blood flow to the umbilical vein and the other the flow from the 
umbilical arteries. 

(v) An electrocardiograph. The leads are inserted subcutaneously, one 
in each of the forelimbs. 

(vi) A transilluminated platform. This greatly facilitates the catheteriza- 
tion of the umbilical vessels. 

(vii) Thermostatic control gear for the foetus and for the blood 
entering it. 

After catheterizing the umbilical vessels, blood which has passed 
through the oxygenator and then through the dialyser is offered to the 
foetal vein at as low a pressure as possible. The foetal heart pumps the 
blood through the umbilical arteries to the oxygenator, thus maintaining 
the circulation. The pressure of the blood offered to the foetus can be 
varied, as also can the resistance to the blood leaving the umbilical arteries. 

This apparatus differs essentially from the one devised by Westin, 
Nyberg & Enhdérning (1958). In this apparatus, which did not include a 
dialyser, the oxygenator also acted as an extracorporeal pump and raised 
the blood to a level of about 40 cm of water, at which pressure it was 
returned to the umbilical vein. The head of pressure in the umbilical 
arteries was only some 15 cm of water. This seems very low, and from a 
description of some of Westin’s difficulties the arteriovenous pressure re- 
lationships in the foetal heart and capillary bed were probably abnormal. 

Most of the work so far has been done on pig foetuses of from 64 to 
71 days gestation. The experiments have been concerned with the effects 
of varying the pressure in the umbilical vessels on flow rates, oxygen 
consumption and the electrocardiogram. 
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On- and off-effects in stimulation of the eye by alternating 
current 
By G. 8. Brinpiey. Physiological Laboratory, University of Cambridge 


If a cutaneous nerve is stimulated with alternating current, a sensation 
referred to the area of skin supplied by the nerve is felt while stimulation 
continues, and simply ceases when stimulation ceases. For frequencies 
between 20 and 50 c/s the effects of stimulating the eye are similar, but at 
frequencies between 60 and 400 c/s, if the strength of current is suitably 
chosen, the subject sees nothing but a flash of light at the beginning and 
another at the end of the stimulus. If the active electrode is mounted on 
an opaque contact lens and the conjunctival sac anaesthetized, so that 
stimulation of sensory nerves is avoided, subjects cannot distinguish 
between steady a.c. and no current, or between the on-flash and the 
off-flash. 

Strong currents, and special devices to limit stimulation of other 
structures, are needed to see these on- and off-effects easily, and several 
investigators (Cords, 1907; Bouman, 1935; Rohracher, 1935; Schwartz, 
1938, 1947; Lohmann, 1940; Gebhard, Duffy, Byham & Mowbray, 1956) 
have studied stimulation of the eye by alternating current without 
describing them: indeed, Rohracher and Schwartz state clearly that a.c. 
at frequencies above 90 c/s produces no visual sensation. Pollock & Mayer 
(1938) probably did observe the on- and off-effects, but they mention them 
only in one sentence and describe no controls for the possibility that they 
were due to contaminating direct current. Such controis will here be 
demonstrated. 

The following explanations can be suggested: 


(1) Rectification occurs somewhere in the retina, perhaps in the cell 
membranes of the excitable structures. The on- and off-effects of a.c. are 
thus merely analogous to the well-known ones of d.c. (Purkinje, 1823). 

(2) The excitable structures are stimulated at every cycle of the a.c. 
Later stages of the visual pathway, however, are insensitive to a steady 
bombardment with impulses, and respond only to its sudden beginning or 
ending. If this explanation is correct, properties of electrical phosphenes 
may help us to understand the origin of the off-effects produced by light. 

If a just supraliminal alternating current and a just supraliminal direct 
current are mixed, on- and off-effects are seen (and are closely similar) 
a2 
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Fig. 1. ©, Threshold of the dark-adapted eye to sinusoidally alternating current 
increased and decreased in amplitude gradually, i.e. at roughly 5% of its value 
per second. ©, Threshold for the off-effect, i.e. threshold to alternating current 
increased in amplitude gradually but switched off suddenly. The threshold for the 
on-effect was always nearly the same. @, Sensory threshold of the ulnar nerve at 
the elbow (skin electrodes) to alternating current switched on and off suddenly. 
The motor threshold was nearly the same; both were little (if at all) altered if the 
currents were increased and decreased gradually, Current to stimulate the eye was 
applied between an electrode mounted in an opaque contact lens and a plate in 
contact with the feet. 
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with both polarities of the direct current. This is difficult to reconcile 
with the first explanation. 
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Oxygen tension in the testis and epididymis of the rabbit 


By B. A. Cross and I. A. Sittver. Department of Veterinary Anatomy, 
University of Cambridge. 


The response to catecholamines of the melanophores of Xenopus 
laevis 

By J. D. P. Granam. Department of Pharmacology, Welsh National School 
of Medicine, Cardiff 

If specimens of Xenopus are kept on a white background in light or in 
darkness, the melanophore index (M.1.) remains low (about 1-0) and injec- 
tion of solutions of catecholamines into the dorsal lymph sac raises it 
(darkening of the colour of the skin). Toads which have been kept for 
many years in light on a white background have few melanophores in their 
webs but the sensitivity to amines is increased tenfold compared with 
animals which have only been in light for a few weeks. In this action 
isoprenaline > noradrenaline > adrenaline. The response is not antagon- 
ized by treatment with a potent dibenamine-like compound (Graham, 
1959). The darkening which occurs when light-adapted toads are moved 
from a white to a black background, and the darkening which follows 
injection of pituitary extract (MES or substance B) are likewise not 
modified by pre-treatment with these blocking drugs. 

Since the pattern of relative potency of these amines more closely 
resembles that which defines the beta than the alpha receptor, the effect of 
the compound dichloro-iso-propylnoradrenaline (DCI) which is known to 
block this receptor was investigated. DCI is a very weak activator of this 
response, 5 mg/kg barely raising the M.1.in the webs but causing ‘mottling’ 
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on the back, but no glandular secretion from the skin. This amount 
of DCI greatly reduces the effect of the injected amines (see Fig. 1, where 
the antagonism to isoprenaline is illustrated). The effect of natural change 
on moving from white to black background is not affected by pre-treat- 
ment with DCI. 

It follows that the receptor in Xenopus which responds to catechol- 
amines by dispersal of pigment granules in melanophores is more like the 
classical beta than the alpha pattern, but that this is not the operative 
mechanism of natural colour change. 


4 


1 

Hours 
Fig. 1. The mean value of the M.1. in a group of six Xenopus kept in light on a 
white ground for many years. Injection into the dorsal lymph sac of 5 yg of iso- 
prenaline (\—/\) caused darkening. DCI 0-2 mg injected 30 min before did not 
itself affect the M.1. (©O--O) but prevented the response to the catecholamine 


(x—x). 
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A simple and reliable device utilizing transistors for the 
maintenance of a constant body temperature 


By K. Krnsevié and J. F. Mrrcnet.. A.R.C. Institute of Animal Physio- 
logy, Babraham, Cambridge 

The circuit shown in Fig. | was derived from one described by Kem- 
hadjian (Mullard Ltd.) 1958. The leakage current through the sensing 
transistor (with an open base) increases rapidly with temperature. After 
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suitable amplification it is used to control] the current through the power 
transistor at the output (an OC35 capable of passing several amperes). 
The heat dissipated by the low resistance in the collector circuit of this 
transistor is then available for heating an anaesthetized animal. If the 
sensing transistor is mounted in the tip of a probe inserted into the rectum, 
the temperature of the animal will tend to become stabilized at a level 
determined by the setting of the variable 1 kQ resistance (which alters the 
proportion of the leak current amplified). In the stable region the system 
is highly sensitive to small variations of temperature, the power output 
changing by about — 3-5 W/°C. This may be compared with a basal require- 
ment of the order of 2-3 W for a 250 g rat lying on a 12 x 6-5 cm heating 
pad, during medium anaesthesia. The pad contains the load resistance of 
20, made up by 54 turns (3-5 m) of 36 s.w.c. enamelled copper wire. 


AAAAA 


Temperature sensitive 
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temperature 
control 
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Fig. 1. Circuit of temperature control unit using Mullard transistors. The output 
transistor OC 35 should be mounted on heat sink as described by manufacturers. 
Ammeters indicate collector current of sensing probe, and output heating current, 


respectively. 


Once the body temperature is within the stable region, its fluctuations 
over many hours are unlikely to exceed +0-2°C, unless the animal is 
cooled or heated rapidly by some other agent. If the temperature is 
allowed to drop much, before heating begins, there may be appreciable 
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overheating owing to lag in the feed-back caused by the poor thermal con- 
ductivity of the skin, before stable conditions are reached. 

With the circuit of Fig. 1 the maximum heat dissipation is about 10 W. 
The circuit can be adapted to heat a larger animal, such as a cat, by 
providing it with a —12 V supply and a load resistance of 6-8 Q, for a 
maximum power dissipation of some 20 W. Alternatively, it may be used 
as it is, but in conjunction with an auxiliary fixed supply of heat (5-10 W), 

When the push-button switch shown in Fig. 1 is depressed, the leakage 
current through the probe transistor can be read directly on the first 
ammeter; its value now depends only on the rectal temperature. The 
relation between an OC71 collector current and temperature is not linear, 
but it is sufficiently stable to make it possible to calibrate the meter 
directly in °C, At 37°C the current changes by about 70 wA/°C; with 
a 1 mA meter, the temperature in that region is easily read with an 
accuracy of +0-1°C. 
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The estimation of acetylcholine, using leech muscle in a microbath 
By J. C. Szers*. A.R.C. Institute of Animal Physiology, Babraham, 


Cambridge 


The acetylcholine content of small amounts of fluid obtained from a 
push-pull cannula (Gaddum, 1960) can be estimated by the following 
method. A narrow longitudinal strip of the oral part of the leech’s dorsal 
muscle is suspended in a microbath (volume 0-05 ml.) similar to that 
described by Gaddum & Stephenson (1958). The muscle is contained in a 
horizontal hole in a 2 em Perspex cube and is bathed by fluids which run 
at about | ml./min into one end of the bath through a vertical well. At 
intervals the flow is stopped for 45—90 see and 0-05 ml. of drug solution is 
added to the well. Thread leading from the free end of the muscle is tied to 
the vertical arm of a smail lever to which a mirror is attached. Interrupted 
light is reflected by the mirror into a photo-cell, and the current is amplified 
in an a.c. amplifier and recorded by a pen recorder. 

When undiluted Locke's solution is perfused through the bath, fast 
spontaneous movements often appear, especially after a cholinesterase 
inhibitor. When the solution is diluted with distilled water, the spontaneous 
movements are reduced, but the muscle still contracts when acetyl- 
choline is applied. The following procedure has given satisfactory results. 
The muscle is attached to the isotonic lever and washed with Locke’s 
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solution. The weight (about 200 mg) is adjusted until the base line is 
constant. Diluted Locke’s solution (100 ml. Locke +80 ml. water) is then 
perfused. This causes an immediate large contraction followed by a slow 
relaxation. When the muscle regains its original length Sarin (isopropy! 
methylphosphorofluoridate), in a concentration of 10~ in diluted Locke’s 
solution, is perfused for 10 min. The original diluted Locke’s solution is 
then perfused again, and the weight taken off the lever and replaced by 
a relatively stiff spring (which stretches | mm/g weight). This spring is 
adjusted until the muscle regains its original length. This spring-loaded 
lever gives quick relaxation and a steady base line. The record is approxi- 
mately isometric; in an average response to a small dose the muscle 
shortens by about 1% and its tension increases by nearly 100%. 

The smallest effective dose (in 0-05 ml.) is 25-100 pg of acetylcholine. 
Doses are applied every 5—6 min for 45 sec, or for 90 see for greater sensi- 
tivity. The log. dose-response curve is usually steep but reasonably con- 
stant. In one (2+ 2) point assay 16 doses were given in a Latin square, 
with a dose ratio of 1-25. The estimated value of the index of precision 
(A) was 0-023, so that L = 1/A = 44. The fiducial limits (P = 0-05) of the 
potency ratio were + 5-4°, and the total amount of standard acetylcholine 
used was 1-8 ng. 
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A two-channel technique for recording unit activity from the 
cerebral cortex of the unanaesthetized, unrestrained cat 
By G. Horn. Department of Anatomy, University of Cambridge 

The dimensions given in Fig. | make this instrument particularly suit- 
able for the simultaneous study of right and left striate areas of the cat. 
A large number of units can be sampled from a single animal, most of 
which can be ‘held’ for from 10 to 30 min. The only restraint on the 
animal is that imposed by the size of the training box. 

Movement of the electrodes is brought about by the action of two 
‘Hydroflex’ metal bellows connected by irradiated polythene tubing 
(Bain & Davison, 1960). These three components are filied with, and 
immersed in a bath containing liquid paraffin and the whole placed in a 
vacuum embedding oven and maintained under reduced pressure for about 
24 hr. When air bubbles cease to emerge from the components, the poly- 
thene is connected to the bellows under the liquid paraffin seal. Backlash 
in the system, amounting to a few microns per hour, is negligible. Since 
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Micrometer-end assembly 
Section 


Head-end assembly 
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View along AA 
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Fig. 1. Drawn to scale x 1. The micrometer-end bellows move within a brass tube 
which prevents them bowing when compressed. Compression of these bellows 
through 1-8 mm causes a 1 mm extension of head-end bellows. The stainless-steel 
electrode holders are insulated on their outer surfaces to prevent ‘cross-talk’ 
between the two channels. a, Micrometer spindle; b, ball-race; c, solder joint; 
d, bellows; e, clamp; f, irradiated polythene; g, fixed brass plate; h, brass guide 
bars; t, bellows; j, moving brass plate; k, to C.R.O.; 1, Perspex plate; m, O-ring; 
n, guard; o, holder; p, tungsten electrode; q, slot. 
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air slowly leaks into the system through the polythene tubing, the whole 
assembly, when not in use, should be immersed in liquid paraffin. 

A plate of bone is removed under general anaesthesia and the chamber 
screwed into the skull, compressing the neoprene O-ring round the margins 
of the bone defect. The chamber is then filled with sterile saline, the level 
of which should remain constant if the O-ring seal is effective, and the cap 
screwed on. Excess saline drains out through the hole in the cap and the 
stainless steel pin is then screwed home. To record from the cortex of the 
unanaesthetized animal the cap is removed, the chamber filled with liquid 
paraffin and the head-end assembly fitted. When the two O-rings engage, 
the cavity within the chamber is closed and cortical pulsation virtually 
eliminated. The position of the electrodes is changed by turning the head- 
end assembly clockwise a few degrees. This rotation may be continued 
through 360° during which the two O-rings are compressed. The two 
electrodes lie on different radii so that the cortical locus of each is different. 
The radii may be altered by bending the electrodes, thus permitting 
further exploration of the cortex. 

It is a pleasure to thank Mr A. Barker for his invaluable help in the construction of this 


instrument, Tube Investments Ltd. for supplying the irradiated polythene tubing and the 
Peel Medical Trust and Medical Research Council for financial assistance. 
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A fresh approach to stabilized retinal images 
By F. W. Campse tt and J. G. Rosson. Physiological Laboratory, Univer- 
sity of Cambridge 

Most recent studies on the effects of stabilizing retinal images have used 
some form of contact lens attached to the eye to achieve stabilization. 
When a retinal image is so stabilized, initial rapid fading of fine detail is 
followed by its irregularly periodic reappearance, so that some of the 
detail in the image is perceived for about one third of the time. However, 
small residual changes in the position, size or illumination of the retinal 
image could account for its incomplete disappearance. Destabilization 
might be due to slip of the contact lens, changes in accommodation, 
pupil area variations, vignetting in the optical pathways, or changes in 
intraocular tension. To bypass these doubts, techniques have been 
developed for observing the two well known entoptic shadows of the 
retinal blood capillaries and the macular pigment. 
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In the first method, a small high-luminance source, from the face of a 
cathode-ray oscilloscope, is used to scan the plane of the pupil, either 
circularly or in one meridian. The amplitude, frequency and contrast of 
the light scan can be varied easily. If the diameter of the light beam is less 
than 0-2 mm in the pupil plane, and moved at optimum amplitude and 
frequency, a highly detailed shadow of the capillaries can be perceived. 

A legitimate objection to the above method is that the capillary shadows 
are not cast in the centre of the fovea. To overcome this, observations can 
also be made of the shadow of the yellow (minus blue) macular pigment, 
which may be perceived by flickering alternately a green and purple light 
beam, equated in brightness, at suitable frequencies. It is found that if 
the two-colour beam is brought to a narrow focus in the pupil plane, some 
observers can detect very fine, discrete mottling in the centre of the field 
of vision. The large, vague, coloured, conventional Maxwell's shadow is 
also seen. Glow-modulator tubes, with suitable colour filters, are used as 
light sources. The frequency and wave form of the switching transient can 
be varied while keeping the total light output constant. 

New findings are that a stabilized shadow of the retinal capillaries 
disappears in a few seconds and does not reappear even in flickering light. 
The capillary shadow can be seen for a much longer period if moved across 
the retina at certain amplitudes and frequencies but, even so, these moving 
shadows also ultimately disappear and never reappear again spontaneously. 
Similar observations have been made using the central details of the 
shadow of the macular pigment. 


Measurement of uterine activity in vitro by recording and 
integrating muscle tension, using a servo recorder and electro- 
mechanical integrator 


By P. R. Styies and T. J. SuLuivan. Department of Pharmacology and 
Therapeutics, St Thomas's Hospital Medical School, London, S.E.1\ 


Sensitivity of the shrimp Crangon vulgaris to hydrostatic pressure 


By P.S. B. Diesy. Department of Biology, St Thomas's Hospital Medical 
School, London, S.B.\ 


A number of marine animals are sensitive to hydrostatic pressure over a 
small range (Knight-Jones & Qasim, 1955). The shrimp exhibits this 
reaction and will swim upwards on application of a pressure of two 
atmospheres and sink or swim downwards when the pressure is released. 

The reaction is destroyed by the addition of soaps such as ‘Cetavlon’ 
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which give a negative halogen ion and a positive complex, but not by sub- 
stances such as ‘Teepol’ which yield a negatively charged complex. After 
blocking by ‘Cetavlon’, sensitivity can be restored by washing the shrimp 
in sodium bicarbonate solution followed by dilute acid. This suggests that 
the pressure sensitivity is a surface phenomenon involving a property of a 
negatively charged outer surface which is readily poisoned. 

The shrimp is negatively charged relative to the water, and this charge 
is pressure-sensitive. Also, electrodes used as probes in the surrounding 
water show the ventral surface to be negative to the dorsal surface. Vital 
staining with Nile blue shows the negative part to be the gills and the part 
of the body flushed by the water currents from them. 

A metallic surface negatively charged to a low potential will become 
covered by a layer of hydrogen gas too thin to be visible, which is respon- 
sible for part of the polarization. This occurs down to zero potential 
(Kortum & Bockris, 1951). A pressure-sensitive model may be made by 
arranging two diffusion cells so that one charges the other through a 
galvanometer; the deflexion becomes pressure-sensitive, and the model 
like the shrimp loses its pressure sensitivity after the addition of ‘Cetavlon’ 
but not ‘Teepol’. In order that hydrogen may be formed on a surface it is 
necessary that electron conductance shall occur. This property may be 
demonstrated in the cuticle of the shrimp. Under a binocular microscope 
application of 100 V or more across the surface in laboratory distilled 
water causes evolution of bubbles of hydrogen, and if a trace of copper 
sulphate is added to the water metallic copper is deposited. 

Thus although currents pass through the integument of the shrimp 
mainly by ion conductance, there is a small leakage of electrons through 
structural elements acting as semiconductors. At normal potentials elec- 
trons will be available for the discharge of hydrogen ions and the formation 
of a partial gas layer one or a few molecules thick. Pressure sensitivity in 
the shrimp probably results from electrical effects consequent on changes 
in area of this gas layer. 
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The source of energy for fluid transfer by the intestine 
By J. Marruews and D. H. Smytu. Department of Physiology, University 
of Sheffield 

Barry, Matthews & Smyth (1960) have shown that there are two 
mechanisms for intestinal water transfer, one glucose-dependent and one 
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glucose-independent, and this has been confirmed by Gilman & Koelle 
(1961). This communication deals with the sources of energy involved. 
Fluid transfer was studied by sacs of everted intestine from the Ist, 3rd 
and 5th fifths of combined jejunum and ileum of the rat under various 
conditions. The results of some experiments are seen in Table 1. 


| 


Mucosal fluid transfer 
(ml./g) initial wet wt. 


Sacs I iil Vv 
Control 1-16 1-66 0-97 
Anaerobic conditions 0-02 0-19 0-00 
Fluorcacetate (10-2 m) 70 0-58 0-08 
2:4-Dinitrophenol (2x 10-*m) 0-34 O47 24 
No glucose 0-13 0-48 0-83 


Dinitrophenol (2 x 10-* M) greatly reduces fluid transfer in all sacs, but 
does not abolish it, and has certainly less effect than anaerobic conditions. 
This suggests: (1) that energy for transfer is not completely dependent on 
ATP, or more likely (2) that DNP uncouples oxidative phosphorylation 
but not substrate-linked phosphorylation, and the ATP generated in this 
way is available for transport. 

Fluoroacetate inhibits the glucose-independent transfer to a much 
greater extent than the glucose-dependent transfer, implying that the 
glucose-independent transfer depends on the citric acid cycle, while the 
glucose-dependent does not. The glucose-dependent transfer therefore 
derives its energy either from glycolysis or from the pentose cycle. If it 
comes from glycolysis it is evident that anaerobic glycolysis alone is not 
adequate to maintain transfer, as transfer is abolished in anaerobic condi- 
tions. There are several possibilities to explain this. Glucose-dependent 
water transfer may be linked specifically to aerobic glycolysis. This might 
be due to a two-stage process—one linked to glycolysis and one dependent 
on aerobic energy—or it might be because aerobic glycolysis generates four 
times the amount of ATP. Another possibility is that glycolysis is supply- 
ing the energy for transfer, but aerobic conditiens are necessary to maintain 
the structure of the tissues on which transport depends, 


REFERENCES 


Barry, B. A., Marruews, J. & Smytu, D. H. (1960). J. Physiol. 149, 78-79P. 
Guman, A, & Koette, E. 8. (1961). Amer. J. Physiol. 199, 1025-1029. 


SOCIETY, 20 MAY 1961 15P 


The effect of morphine on the contraction of the cat nictitating 
membrane caused by post-ganglionic sympathetic stimulation 


By A. B. Carrnte, H. W. Kosreruirz and D. W. Taytor. Department of 
Physiology, University of Aberdeen 

Trendelenburg (1957) observed that morphine depressed the responses 
of the cat nictitating membrane to preganglionic and post-ganglionic sym- 
pathetic stimulation but not to intravenous injection of adrenaline or 
noradrenaline. Kosterlitz & Taylor (1959) showed that, with supra- 
maximal post-ganglionic stimulation, the effect of morphine was more 
marked at low frequencies (0-5—4/sec) than at high frequencies (16—24/sec) 
of stimulation. This was different from the inhibition produced by dibeny- 
line, which was equally effective at low and high frequencies of stimulation. 

We have confirmed Trendelenburg’s observation that morphine does 
not depress the sensitivity of the nictitating membrane to noradrenaline 
and have been unable to find any effect of morphine on impulse propaga- 
tion in A and C nerve fibres. This suggests that morphine depresses the 
liberation of transmitter at the nerve endings. The more marked effect of 
morphine on the responses to low-frequency stimulation might be attri- 
buted to the existence of a smaller ‘safety margin’ for transmission at the 
neuro-effector junction at low frequencies. 

Two series of experiments were designed to test some aspects of this 
hypothesis. In the first series it was argued that, if the hypothesis were 
correct, sensitization of the nictitating membrane to the transmitter by 
cocaine ought to increase the responses to stimulation more at low than at 
high frequencies. This was found to be the case. 

In the second series we tried to find out whether the depressing effect 
of morphine was in fact correlated only with a low frequency of stimula- 
tion and not also with the size of the contraction. This was important 
because Trendelenburg (1957) concluded that morphine was effective 
when the size of the contraction was well below the possible maximum, 
independently of the frequency of stimulation. Frequency of stimulus-— 
response curves were therefore constructed for submaximal stimuli; the 
strength of the stimuli was adjusted so as to give with 16 stimuli/sec a 
contraction which was of the same size as a contraction obtained with 
supramaximal stimuli at a frequency of 1-2/sec. It was found that 
morphine depressed the responses to such submaximal stimuli at low but 
not at high frequencies, a finding which lends support to the hypothesis. 
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The effect of splanchnic afferent stimulation on spontaneous 
cortical discharges 

By P. P. Newman. Department of Physiology, School of Medicine, Uni- 
versity of Leeds 

Single cortical neurones in somatosensory areas I and Il may be evoked 
by electrical stimulation of a splanchnic nerve (Newman, 1961). Such 
neurones showed little or no spontaneous activity and fired once or in 
short bursts during the reversed primary response ; they were silent in the 
absence of stimulation or when the stimulus was below threshold (fewer 
than 25°, of A beta fibres excited). However many neurones discharging 
persistently may also be encountered. As some of these were influenced by 
impulses in the splanchnic nerve an analysis has been made of the effects 
produced. They fall into two categories: (i) an evoked spike discharge 
similar in latency and form to that observed in silent units; (ii) an increase 
in the frequency of spontaneous discharge. 

In cats under light pentothal anaesthesia the spontaneous activity of 
many units was recorded. Initially negative spikes were about | mV in 
amplitude and initially positive spikes measured 3-5 mV in amplitude 
peak-to-peak. The frequency of spontaneous activity ranged from 10 to 80 
discharges per second in different units. Recordings from two or more units 
sometimes appeared in the same sweep. They could be recognized as indi- 
vidual unit discharges by differences in threshold, latency, form and size. 
When the splanchnic nerve was stimulated a discrete burst of spikes 
oceurred during the primary response. The mean latency of the first spike 
was about 15-0 msec. Ln other units no spike discharge was evoked but the 
frequency of spontaneous activity was increased. In one series the mean 
number of spikes per sweep increased from 3-2 to 6-7 during continuous 
stimulation (0-5/sec) of the splanchnic nerve. Inhibition of the spon- 
taneous discharge was not observed in these experiments. 

The results suggest that the receptive field in the cortex may have 
neurones of two kinds——those which were silent in the absence of peri- 
pheral stimulation and those which were tonically active. The silent 
neurones may be evoked by excitation of the A beta group of fibres. 
Neurones firing persistently responded to splanchnic stimulation either by 
discharging a spike or burst of spikes during the primary wave or by 
increasing the frequency of spontaneous activity. It is possible that two 
pathways are involved in the thalamo-cortical relays, one direct pathway 
available for evoked responses and a second pathway, distributed more 
diffusely, which may modify the spontaneous discharge. 
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Temperature changes in the electric organ of Electrophorus 
electricus during and after its discharge 


By X. Avpert and R. D. Keynes. A.2.C. Institute of Animal Physiology, 
Babraham, Cambridge 


Temperature changes in slices of electric organ about 15 mm thick were 
measured by inserting into each a small bead thermistor. The thermistor 
was connected in a d.c. bridge circuit to a Kipp galvanometer, photo- 
electric amplifier and oscilloscope. The main experimental variable was the 
external electric load, the energy dissipated in which was determined 
directly by a micro-joulemeter. 

The earliest response to a burst of five shocks applied at 15 msec intervals 
was sometimes a transient warming of the slice. This warming during the 
first 0-1 sec was most prominent in the short-circuited condition, and is 
thought to have arisen from flow of current through damaged tissue 
forming a series element close to the thermistor. It was invariably 
followed by a substantially greater cooling, which was complete within 
1-8 see of stimulation. The average maximum cooling in seven experiments 
at 20° C was 62 x 10°* °C/impulse, corresponding to a heat absorption of 
about 50 peal/g impulse. The cooling developed more slowly than it would 
have done had it occurred at the same moment as the discharge, and had the 
thermistor been in perfect thermal contact with the active tissue, but its 
time course could be explained by the presence of as little as 150 p of inert 
tissue around the thermistor. Finally, there was a slower and usually 
larger phase of warming, which reached completion with a time constant 
of the order of 30 sec. This was more labile than the cooling phase, and 
probably arose from the operation of a recovery process. 

The peak cooling was measured as a function of external load, in order 
to test the suggestion of Bernstein & Tschermak (1906) that if the im- 
mediate source of energy for the discharge was a movement of ions down 
their concentration gradients, the tissue should cool by an amount roughly 
equivalent to the electric work performed. The results fitted with this idea 
to the extent that the cooling showed a somewhat ill-defined maximum 
when the external load was in the neighbourhood of 80 Q, which was not 
far from the load at which the external work was also greatest. But they 
disagreed with it in that the maximum cooling was about twice as great as 
the maximum external work ; moreover, there was still appreciable cooling 
on open circuit, when no external work was done and when all the electrical 
energy released was dissipated within the slice. In order to explain these 
findings it seems necessary to suppose that in addition to the cooling 
expected to arise from ionic movements there is a fixed cooling, indepen- 
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dent of load, which might perhaps be associated with the permeability 
changes in the membrane. 
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Algebraical summation of excitation and inhibition in single- 
fibre tonic reflexes 


By R. Granrr and Barsara Renkin. Nobel Institute for Neurophysio- 
logy, Stockholm, 60, Sweden 


Degeneration of optic nerve fibres in the cat 


By MARIANNE and P. Giees. University Laboratory of Physiology, 
Oxford 


In thirty-one cats one eye was enucleated or the retina removed by 
suction, under general anaesthesia and with aseptic precautions. The 
animals were killed at intervals between 3-325 days after operation. 
Sections of the optic nerves, optic chiasma and optic tracts were examined 
after staining with the Glees and with the Nauta silver methods. 

At 5 days signs of axonal degeneration are visible in both Glees and 
Nauta-stained material. By 11 days there is widespread fragmentation of 
fibres and the operated optic nerve is full of debris, but careful search 
under high power shows up what appear to be normal fibres in Glees- 
stained sections. 

At 162 days after eye enucleation the optic nerve under low power 
appears to be devoid of fibres. Under high power, however, a considerable 
number of fine fibres are visible: these occur in bundles, their diameter 
varies between 0-5 and | » and they show signs of what may be moderate 
degeneration in the form of beading and some fragmentation. At 186 days 
and at 219 days there is no great change in the appearance of these fibres. 
By 325 days practically all the fibres have disappeared and only occasional 
fragments of debris are to be found. 

It appears therefore that the optic nerve in the cat contains fibres with 
two distinct time courses of degeneration: the majority of the fibres are 
completely fragmented by 11 days and their debris is removed by 162 days; 
a second group of fine fibres, 0-5-1 » in diameter, show a very much 
slower time course of degeneration. 

Experiments are in progress to investigate the possibility that these fine 
fibres are centrifugal fibres to the eye undergoing retrograde degeneration 
after removal of the retina. 
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An objective determination of the intensity range of the living 
human eye 

By R. A. Weate. Department of Physiological Optics, Institute of Ophthal- 
mology, Judd Street, London, W.C. 1 

Light employed to bleach pigments which accumulate in the living 
human retina during dark-adaptation can be used for an important 
corollary measurement. By suitably reducing its intensity, it is possible to 
measure the absolute visual threshold in the same retinal region of the very 
eye which had been bleached. The interpretation of such measurements 
must be guarded, but when a number of physical factors—such as the 
amount of blinking done during bleaching—are allowed for, the results are 
consistent with the view that the number of ‘events’ required to produce 
absolute threshold vision (Hecht, Shlaer & Pirenne, 1942) is similar to the 
number of pigment molecules bleached (Weale, 1961a). 

If light of a given intensity illuminates the retina indefinitely, the rate 
of bleaching will come to balance the rate of pigment regeneration. How- 
ever, by employing very high intensities for, say, 30 sec, it can be shown 
that the material is completely bleached by an exposure of approximately 
10" threshold units. Thus continuous exposure at this intensity would 
maintain a given retinal region in a permanently bleached state. A small 
increase of the intensity beyond that (Icomp,) at which primary bleaching 
is believed to be complete leads to a surprising result : the change in retinal 
density produced with the higher intensity Imax is smaller than that 
caused by the somewhat lower intensity Ipomp,. A detailed study showed 
that the material is totally bleached; but because of a change in fundus 
reflectivity the zero line is moved. This mimics the interposition of a 
grey filter into the retina while it is subject to illumination by I,,,,. The 
effect disappears after not more than 3 min subsequent dark-adaptation, 
and though repeated almost daily for several years has not so far perman- 
ently damaged the eye. Radiometric measurements showed the exposure 
Imax, causing this greying of the fundus oculi to be about one third of that 
needed to produce a solar burn (Weale, 19616). Photometry showed I max. 
to correspond to about one quarter of that needed to effect coagulation of 
the retina in retinal detachments (Meyer-Schwickerath, 1955). It may be 
suggested, therefore, that whereas the lower end of the visual range is 
governed by quantum considerations the upper region is limited by the 
resistance of the fundus tissues to permanent changes due to heating. 
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Two new properties of foveal after-images 
By G. 8S. Brixpiey. Physiological Laboratory, University of Cambridge 


If a brief flash of light bright enough to bleach a large fraction of the 
receptive pigments of the rods or cones is cast upon the retina, it produces 
an after-image which can still be seen 10 or even 20 min later. If the flash 
falls on the fovea, then the after-image has the following two properties. 

(1) Any fine detail present in the physical image of the inducing source 
on the retina can easily be resolved in the after-image during the first 
minute or two, but in later minutes becomes progressively blurred, its 
finer features disappearing entirely. The blurring is not due merely to the 
fact that the after-image is becoming fainter, for if a bright stimulus is 
presented to one eye, and 5 min later a ten times dimmer stimulus of 
similar spatial pattern to the other, it is found that after another | or 
2 min the later-formed after-image is fainter but has very much sharper 
detail. The blurring proceeds independently of whether the eye remains in 
steady darkness, steady uniform light, or alternating darkness and light. 
Extra-foveal after-images do not become similarly blurred, and when they 
are 10 min old they are better resolved than foveal after-images of the same 
age, despite the ordinarily inferior resolving power of extrafoveal retina. 

(2) A flash of tungsten-filament light from which only the blue 
(< 470 mu) has been removed by filtration produces a magenta negative 
after-image at whose boundary with the white background no colour 
except magenta is visible. If, however, the green (< 560 my) also is 
removed from the flash, the after-image, though similar (not identical) in 
its own colour, is surrounded by a conspicuous green halo. This halo is not 
due to simultaneous contrast, for a flash of (white—blue) given | min or 
5 min later neither abolishes the green halo if the first flash was (white- 
blue-green) nor creates one if the first flash was (white—blue). 

From these observations, inferences will be made about photochemical 
properties of foveal receptive pigments. 


Acetylcholine release from the cerebral cortex during stimulation 


By J. F. Mrrenete, A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge 


Acetylcholine (ACh) is known to be continuously released from the 
locally eserinized cortex of anaesthetized cats and sheep (MacIntosh & 
Oborin, 1953; Mitchell, 1961). The amount released is approximately 
proportional to the spontaneous electrical activity of the cortex and is 
about 1-5-3-5« g/min/em* cortex during light anaesthesia. The 
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present work is a study of the effect of increasing electrical activity in the 
cortex by controlled afferent stimulation while simultaneously measuring 
the ACh output. 

Perspex cups, covering 0-8 em® cortex and filled with 1-0 ml. of eserin- 
ized Ringer—Locke solution were placed on the somatic-sensory cortical area 
of cats anaesthetized with Dial (allobarbitone, Ciba, 0-7 ml./kg) or ether. 
The solution in the cups was changed every 15 min and the ACh content 
determined. During alternate collection periods the contralateral forepaw 
was stimulated at fixed frequencies with a supramaximal stimulus for the 
evoked potential recorded from the cortex underlying the cup. 

During thirteen periods of stimulation on seven cats at frequencies of 
0-5-1-0/sec there was a regular increase in the concentration of ACh in the 
cup to 2-3-3 times the resting level. Expressed as ACh release/impulse/ 
em® cortex, the output was maximal (93x 10°" g) at approximately 
1-0 impulse/4 see, 

As the stimulus frequency was increased the output fell rapidly at first 
to 20x 10°" g at 1-0/see and then more slowly until at frequencies of 
50—100/sec no increases above the unstimulated levels were detected. 

The peak-to-peak voltage of the primary positive and negative phases 
of the evoked potentials were photographed and measured during all periods 
of stimulation. These potentials were maximal when using less than 1-0 
impulse/4 sec and fell to 35°, at 5/sec. Above 50 impulses/sec they were 
rarely detectable. 

During these experiments collecting cups were also placed on the contra- 
lateral parietal cortex or the ipsilateral sensory cortex. During stimulation 
of the forepaw the evoked potentials from these areas were negligible and 
no increase in ACh release has been detected. 

These experiments demonstrate that as the stimulus frequency increases 
the ACh released/impulse from the sensory cortex falls and is correlated 
with a failure in the structures responsible for the generation of the evoked 
potentials. 
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Thermodynamics of water transport 

By Jarep M. Diamonn. Physiological Laboratory, University of Cambridge 
Many biological membranes are known to transport salt actively, but no 

criteria exist for settling the mode of water transport. For instance, there 

is disagreement over whether the movement of water against osmotic 

gradients constitutes proof of active water transport. 
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The case of a membrane separating two identical solutions and trans- 
porting solute actively but water only passively has been treated by 
irreversible thermodynamics (see Kedem & Katchalsky, 1958, for relevant 
theory). Starting from an expression for the rate of entropy production, 
it can be shown that active transport of one mole of solute should auto- 
matically cause passive transfer of a volume of fluid given by 


L, (1-7) 
(k/RT)+CL, 


C’, is the osmolar concentration of solute, k the solute permeability co- 
efficient at constant volume, L,, the membrane filtration coefficient, and 
o the reflexion coefficient. For a given solute and membrane, 7 may be 
defined experimentally as the ratio of the observed osmotic pressure to 
the theoretical van 't Hoff value (p = RTAC,). o will be 1 for a completely 
impermeant solute and 0 if the membrane is as permeable to the solute as 
to water. 

If k, L,, and o remain constant, it also follows that: 

(1) Water should be transported against a finite osmotic gradient. If 
the initial absorbate is isotonic, the osmotic pressure difference at which 
no net change of volume occurs should be the quotient of the volume flux 
between identical solutions, by L,,. 

(2) The change in water flux produced by a change in osmotic gradient 
should be the same in the presence or absence of active solute transport. 

(3) In many biological membranes, the flux of actively transported 
solute should be virtually independent of osmotic gradients. 

(4) The osmolarity of the transported fluid should in many cases be 
independent of the concentration of actively transported solute, and also 
(5) independent of the presence of an impermeant solute at equal concen- 
trations on both sides of the membrane. 

The above equation and predictions (1), (2) and (4) have been experi- 
mentally confirmed in the gall-bladder; (1) and (3) have already been 
observed in published work on small intestine (Parsons & Wingate, 1961), 
and (4) in several preparations; and (5) appears not yet to have been 
tested. 

The principal conclusion from the thermodynamic treatment is that 
movements of water against osmotic gradients need not indicate active 
transport of water, but may be expected as a consequence of active solute 
transport; and that the latter explanation is quantitatively sufficient in 
the gall-bladder. 
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Effect of peripheral stimulation on unit discharges in the thalamus 


By A. Ance.*. Department of Physiology, University College London 


Angel & Dawson (1961) showed that in rats anaesthetized with urethane 
the electrical response of thalamic units in the direct sensory pathway to a 
test stimulus applied to a forepaw was increased if a preceding conditioning 
stimulus, pinching or trains of electrical stimuli, was applied anywhere on 
the body surface. Furthermore, these thalamic units were not fired 
directly by the conditioning stimulus unless it was applied to the same 
body site as the test stimulus. 

In nineteen rats with extracellular recording 77 thalamic units were 
found which could be influenced by stimuli applied anywhere on the body 
surface. This is consistent with the tindings of Amassian & Devito (1954), 
Kruger & Albe-Fessard (1960), and Poggio & Mounteastle (1960), in the 
cat. Histological examination showed that these unspecific units lay 
within the regions of two nuclei, the dorsomedial part of the ventral 
thalamic nucleus and the reticular nucleus of the thalamus. The units in 
the direct pathway were all found within the ventrolateral part of the 
ventral thalamic nucleus. The naming of these nuclei is taken from 
Gurdjian (1927). 

The unspecific thalamic units which could be influenced by stimuli any- 
where on the body surface can be divided into two groups: (a) those 
having a high rate of spontaneous discharge 15-35 impulses/sec whose 
frequency is slowed by a conditioning stimulus, and (+) those showing no 
spontaneous firing or having a low rate of spontaneous discharge up to 
5 impulses/sec whose frequency is increased by a conditioning stimulus. 

After a train of stimuli consisting of 34 shocks at 3 msec separation 
the maximum response occurred at 300-500 msec after the last shock and 
the effect lasted for 2}—3 sec. The time course for the frequency change is 
parallelled by the change in size of the evoked cortical potential, recorded 
in the primary somatic receiving area, and the change in size of the 
thalamic response in the direct sensory pathway, after the same con- 
ditioning stimulus. 

If the spinal cord is cut on the opposite side to the applied conditioning 
stimulus then the effect on the thalamic units and the direct sensory path- 
way is abolished. Cutting the dorsal columns on the same side as the 
applied conditioning stimulus has no effect, suggesting that the pathway 
for the effect may be via the spinothalamic tract. 

It is possible that the facilitatory effect of a conditioning stimulus on 
transmission through the thalamus is mediated by either (a) a decreased 


* M.R.C. Scholar, 


| 


24P PROCEEDINGS OF THE PHYSIOLOGICAL 


inhibitory influence, (6) an increased excitatory influence, or a combination 
of both from the thalamic reticular nuclei. 
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Observations on striated fibres in ciliary rootlets 
By R. Barer. Department of Human Anatomy, University of Oxford 


The action of adrenaline, noradrenaline and isoprenaline on the 
denervated mammalian muscle 

By W. C. Bowman and ELeanor Zaris. Department of Pharmacology, 
School of Pharmacy and Department of Pharmacology, Royal Free Hospital 
School of Medicine, University of London, London, W.C.1 

Chronically denervated skeletal muscles exhibit spontaneous fibrillations 
and corresponding electrical changes in the form of an irregular series of 
diphasic action potentials. In such muscles, acetylcholine, substances 
mimicking acetylcholine and certain catecholamines are known to produce 
tension. 

Brown (1937) found that acetylcholine evokes a quick contraction and 
that with larger doses a secondary slowly rising increase in tension is 
added to the ‘quick response’. Furthermore, he showed that the quick 
response is accompanied by an outburst of action potentials which stop 
abruptly at the commencement of the slow phase during which no action 
potentials whatsoever can be detected. The slow phase is usually referred 
to as ‘contracture’. Other depolarizing drugs give rise to a similar sequence 
of events (Zaimis, 1951, 1959). 

In chronically denervated skeletal muscles of the cat and the rat iso- 
prenaline, adrenaline and noradrenaline increase both the frequency of the 
spontaneous electrical activity and the muscle tension. In our preparations 
14-20 days after denervation and following the administration of iso- 
prenaline or adrenaline both fibrillations and electrical activity increased 
about tenfold. The potency of noradrenaline was less. There was, however, 
no definite correlation between the electrical activity and the development 
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of tension. First, an increase in electrical activity was not always accom- 
panied by an increase in tension, and secondly, very often, the maximum of 
the electrical activity coincided with the deciine in tension. Figure 1 illus- 
trates this lack of correlation. These effects were not prevented by anti- 
adrenaline substances and were independent of blood flow changes. 


180 240 300 480 600 
Fig. 1. Cat; chloralose. Isometric myogram of soleus and action potentials 
recorded simultaneously, 15 days after nerve section. At arrow, 50 ug isoprenaline 


sulphate administered intravenously. Numbers on top of the records indicate 


time in seconds after the injection. 


The high electrical activity which follows the administration of cate- 
cholamines does not fit the picture of what is conventionally called a 
‘contracture’; this suggests that the changes evoked by these substances 
in denervated skeletal muscle are of a different nature from those elicited 


by depolarizing drugs. 
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Comparison of the properties of denervated rat diaphragm muscle 
and an invertebrate smooth muscle 


By G. W. CamprinGe. Wyeth Laboratories, New Lane, Havant, Hants 


Some properties of the denervated rat diaphragm have been reported 
recently (Bhoola & Schachter, 1961); this preparation responds to adren- 
aline (1-10 ug/ml.) by a slow, well-maintained contraction. The anterior 
retractor muscle of the byssus (ARMB) of Mytilus edulis also shows this 
response and the properties of these two muscles have been compared. 

In both preparations the isotonic response to adrenaline was slower than 
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that evoked by ACh and was never as great as that produced by the same 
concentration of ACh; the isometric tension developed was always very 
much less. The responses to ACh increased with decreasing temperature 
(37°-17° C for diaphragm muscle and 14°-8° C for ARMB), whereas the 
responses to adrenaline were very small or absent at the lower tempera- 
tures. In both preparations the response to ACh was greater after an 
adrenaline-induced contraction. Eserine (5-10 »g/ml.) increased and 
p-tubocurarine (1-10 ug/ml.) decreased the response to ACh (1 pg/ml.) in 
both preparations. 

Both muscles responded to tetramethylammonium and to nicotine by a 
contraction but did not contract with histamine or 5-hydroxytryptamine. 
Absence of calcium ions from the bathing fluid reduced the responses. 

The adrenaline contraction was readily blocked by increasing the con- 
centration and if repeated doses at a low concentration were applied during 
a contraction a reversal of the response could be obtained. This pheno- 
menon of adrenaline reversal in the ARMB has been described previously 
(Twarog, 1954). 

The denervated rat diaphragm muscle and the ARMB thus show 
marked similarity in their responses to drugs. 
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The rhythm of discharge of single motor units in antigravity 
muscles 
By T. Guavtierorti. Jnstituto di Fisiologia, Universita di Sassari, Italy 


The effect of hypophysectomy on the inulin and para-amino- 
hippurate clearance rates in the anaesthetized pregnant rat 
By B. F. Marrnuews. Department of Physiology, University of Aberdeen 
We have shown (Matthews & Taylor, 1960) that both inulin and para- 
aminohippurate (PAH) clearances are increased in 18-day pregnant rats 
anaesthetized with barbiturate when compared with unmated control rats, 
and we have suggested that the placentas were involved in the increased 
clearances found during pregnancy. The observation (Pencharz & Long, 
1931) that hypophysectomy after the llth day of gestation failed to 
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interrupt the progress of pregnancy in the rat has repeatedly been con- 
firmed (e.g. Campbell, Innes & Kosterlitz, 1953). It seemed of interest in 
the pregnant rat, therefore, to investigate the effects of removing the 
pituitary gland upon the clearances of inulin and PAH, and to compare 
the results with the clearances in the hypophysectomized non-pregnant 
animal, 

The methods used for measuring the clearances in the anaesthetized 
rat were as described previously (Matthews & Taylor, 1960). Two groups 
each of ten pregnant rats were used. On the 12th day after mating, the 
pituitary gland in the first group was removed by the parapharyngeal 
route (Smith, 1930), while in the second the hypophysis was exposed but 
not removed. Inulin and PAH clearances were then determined in both 
groups 6 days later, i.e. the 18th day after mating. In the hypophysecto- 
mized rats there was a decrease in both clearances. Values for inulin and 
PAH respectively were 32°, and 40°, below the rates in the sham- 
operated animals. 

Two further groups each of ten unmated rats were used. In one group 
the hypophysis was removed, while in the other the hypophysis was 
exposed but not removed. In both groups inulin and PAH clearances were 
measured 6 days later. In the hypophysectomy group the inulin and PAH 
clearances were reduced to 50°, and 52°, respectively below the values in 
the sham-operated group. 

In the pregnant rat hypophysectomy was followed by a smaller 
percentage decrease in the inulin and PAH clearances compared with the 
non-pregnant hypophysectomized animal. It can be concluded, therefore, 
that during pregnancy the effects of removing the pituitary gland upon 
inulin and PAH clearances seem partly compensated by the presence of 
the foetuses and placentas. 
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Density gradient centrifugation of hormone-containing subcellular 
granules from rabbit neurohypophyses 
By H. Hever and K. Leperis. Department of Pharmacology, University 
of Bristol 

Recent experiments with rabbit neural lobe homogenates have shown 
(Lederis & Heller, 1960; Barer, Heller & Lederis, unpublished) that (a) after 
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centrifugation at 30,0009 for 60 min up to 90%, of the vasopressin and 
oxytocin content of a homogenate suspended in 0-44 mM sucrose solution 
remain in the sediment, (6) a ‘granular fraction’ can be prepared by dif- 
ferential centrifugation which contains 60-80 °, of the total ‘sedimentable’ 
hormones, (c) electron-microscopically the hormone-carrying particles are 
distinct from mitochondria and very similar in size and structure to the 
neurosecretory vesicles in the rabbit posterior lobe in situ. 

Rabbit neural lobes contain more vasopressin than oxytocin, but Cross 
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Fig. 1. Density gradient centrifugation of neurohypophysial hormone-containing 
particle suspensions (layered sucrose gradients), Vasopreasor and oxytocic activi- 
ties in each gradient fraction were estimated and expressed as percentages of the 
total hormone content. Each point represents the ratio of such percentages 
(% V/% O) at a given density. Results of 13 experiments. Difference between 
(A+B+C) and (D+E+F): t= 5-29, P < 0-001. 
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(1951) has shown that, for example, by suckling as much as 100 times more 
oxytocin than vasopressin can be released. It would be easier to under- 
stand such effects if each neurosecretory fibre carried either vasopressin- 
or oxytocin-containing subcellular granules. The occurrence of granules 
which carry the hormones separately has been postulated by Pardoe & 
Weatherall (1955) who found that, dependent on the molarity of the 
suspension medium, vasopressin and oxytocin were liberated from isolated 
particles in different proportions. We have obtained similar results with 
rabbit gland homogenates. To take the matter further the hormone- 
carrying granules were subjected to density gradient centrifugation. 
Figure | summarizes the results. It suggests that vasopressin-containing 
particles equilibrated at 1-3—1-4 mM and oxytocin-carrying granules at 1-45— 
1-55 m. While suggestive, these results cannot be regarded as establishing 
definitely that the two neurohypophysia! hormones are stored separately. 
Attempts to differentiate the subcellular particles by other means are 
therefore in progress. 
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Quantitative studies on the suppression of the skeletal lesions of 
B-aminopropionitrile by L- and p-triiodothyronine 

By A. Kunocaui*. Department of Physiology, University of St Andrew's, at 
(Queen's College, Dundee 

it has been shown by Bell & Sharma (1960) that the breaking stress of 
bones (see Bell, Cuthbertson & Orr, 1941) of young rats declines with the 
administration of increasing doses of /-aminopropionitrile (BAPN), and 
this gives the opportunity to express the antagonism to BAPN by the 
thyroid hormones in quantitative terms. Since the mode of action of the 
thyroid hormones in antagonizing the skeletal lesions of nitriles is quite 
obscure, it was thought appropriate to examine the influence of both 
L- and p-triiodothyronine on these lesions. 

Table | summarizes the results of an experiment in which young rats 
were given 50 mg BAPN daily for 4 weeks either alone or with small doses 
of triiodothyronine (TRI). 

The bones from the group given BAPN alone showed a marked reduction 
in breaking stress and stiffness (#). This effect of BAPN was significantly 

* On leave from University of Khartoum, Sudan, 
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antagonized by both L- and p-triiodothyronine. Furthermore, the two 
isomers oi triiodothyronine seemed to be equally effective in their action 
against BAPN. The doses of triiodothyronine used had no effect on the 
rate of body growth or the physical properties of the bones. 


Taste 
50 mg 50 mg 
BAPN + BAPN + 
50 mg 5 pg 5 pe 
Control BAPN/day t-TRI day »-TRI/day 


No. of rats 6 6 
Body weight (g) 
Initial 57 56 
Final 135 
Femur weight (g) “32 0-340 O-318 315 
Breaking stress (kg 21- 12-58 17-08 16-73 
Young's modulus of elasticity 1010 610 850 
(kg 


Thus it seems unlikely that the influence of the thyroid hormones on 
the lesions of BAPN is due to their metabolic effects. The possibility of 
a form of antagonism in which the L- and p-configuration of the thyroid 
hormone molecule is not involved cannot be ignored and needs further 
investigation. 

BAPN was kindly supplied by Abbott Laboratories Ltd. The triiodothyronine used in 
this experiment was kindly given by Smith, Kline and French Laboratories Ltd. We are 
grateful to Miss C. M. Popplewell of the Computing Machine Laboratories, Manchester, who 
helped us with the calculations. Certain apparatus was.supplied by the Medical Research 
Council. 
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Blood flow through bone marrow studied by the isotope depot 
clearance method 


By K. Brown-Grant and J, D. Cummine. Department of Physiology, 
University of Birmingham, Birmingham 15 


The blood flow through the bone marrow of the femur of an anaesthe- 
tized rabbit has been studied previously by measurement of venous out- 
flow (Cumming, 1960). Rates of flow up to | ml./g wet wt. of tissue/min 
were observed. To determine whether or not these represented effective 
capillary blood flow, experiments to measure the rate of clearance of depot 
injections of carrier-free radioactive iodide (Na ™ I) were carried out. 

The anterior surface of a femur of an anaesthetized rabbit was drilled 
with a no. 6 rose-headed dental burr until the endosteum was exposed, 
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undamaged, in the floor of a 0-5 em diameter dry saucer of bone. The 
endosteum was punctured with a no. 17 hypodermic needle and 0-02 ml. 
(1-5 ue) of the iodide solution injected. Counting was begun within 2 min 
of the injection using a G-M tube operating an Ekco N 522 ratemeter, but 
during the time it took to position the counter over the femur most of the 
dose given had disappeared. This was apparent from the low counting rate 
observed over the injection site and the fact that counts of the same order 
were obtained over the opposite femur. With such a rapid clearance of 
isotope it was necessary to begin counting during the period of injection. 
This was achieved by attaching the hypodermic needle by a length of 
polythene tubing to a screened micrometer syringe containing the radio- 
active solution. The needle was introduced as before and left in situ with its 
tip | em proximal to the endosteal puncture. A G—M tube with a 9 mm lead 
shield in which was a 3-5 x 2-0 em window was positioned over the site of 
the needle tip, and the background counting rate determined. With suit- 
able adjustment of the time constant, it was possible to follow the changes 
in counting rate during and after injection. The injection time was between 
8 and 10 sec. The mean half-time for clearance from the site of injection 
was between 20 and 25 sec in 18 experiments on 9 rabbits. This very rapid 
clearance suggests that marrow has a very high effective capillary circu- 
lation. 
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The isolated perfused adrenal gland of the dog 
By C. V. Greenway and E. B. Verney. Department of Pharmacology, 
University of Cambridge 

The left adrenal gland, together with the segment of aorta and left renal 
artery supplying it, were isolated from a dog and perfused by a pump-lung 
circuit filled with heparinized donor dog blood. The isolated lungs were 
ventilated by negative pressure with 5°, CO, in O,. The adrenolumbar 
vein was cannulated and serial samples of adrenal venous blood collected. 
The plasma was analysed for cortisol and aldosterone by chromatographic 
methods (Bush, 1952). 

From nine successful experiments the following results were obtained. 
Immediately after the perfusion was started, the adrenal blood flow was 
low (1-4 ml./min) and the minute-outputs of cortisol and aldosterone were 
3-6 wg and 0-02-0-08 pg respectively. During the following 2 hr the 
adrenal blood flow rose to 6-17 ml./min, the cortisol minute-output fell to 
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1 wg or less, while the aldosterone minute-output rose slightly or did not 
change significantly. Addition of corticotrophin to the reservoirs, giving a 
blood level of 2-7 i.u/l., caused a prompt rise in the minute-output of 
cortisol to approximately the initial level, while the aldosterone output 
rose slightly. The adrenal blood flow did not change. 

In six experiments the perfused gland, with a low cortisol output, was 
transferred from the pump-lung circuit to a side limb on the long-circuited 
femoral artery of an anaesthetized dog. The adrenal blood flow fell to 
3-6 ml./min (independent of changes in perfusion pressure), while the 
cortisol output rose promptly to a high level similar to that found after 
corticotrophin. No marked or consistent changes in aldosterone secretion 
occurred. The high cortisol secretion rate was maintained as long as the 
experimental conditions remained unchanged, and was unaffected by 
administration of corticotrophin. 

When the adrenal preparation was transferred back to the perfusion 
circuit or when the recipient animal was hypophysectomized, the cortisol 
secretion rate fell to low levels. This fall was similar to that occurring in the 
initial periods of perfusion. Administration of corticotrophin again raised 
the cortisol output. After hypophysectomy the secretion rate of aldo- 
sterone fell to about two-thirds of the prehypophysectomy output, some- 
times after a slight rise; its secretion rate doubled after administration 
of corticotrophin. The adrenal blood flow remained unchanged after hypo- 
physectomy. 

These results confirm that the cortisol secretion rate by the perfused 
adrenal gland depends on the presence of corticotrophin in the perfusing 
blood (Bush, 1953; Hilton, Weaver, Muelheims, Glaviano & Wegria, 
1958). The secretion rate of aldosterone is not markedly influenced by 
either corticotrophin or perfusion of the gland. In addition, a humoral 
influence on the adrenal blood flow other than corticotrophin is suggested. 
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The effect of reserpine on the concentration of 5-OR indolyl 
compounds in the caudate nucleus and the cerebrospinal fluid of 
the dog 


By G. W. Asucrort and D. F. SHarman. A.R.C. Institute of Animal 
Physiology, Babraham, Cambridge 
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The present investigation was carried out to test the possibility that 
changes in the metabolism of 5-hydroxytryptamine might be reflected in 
changes in the level of 5-OR indolyl compounds (where R is hydrogen, an 
alkyl, or an aryl group) in the cerebrospinal fluid (c.s.f.). 5-OR indolyl 
compounds were estimated, after appropriate extraction procedures, by 
their fluorescence in 3 N-hydrochloric acid. 

The c.s.f. samples were obtained from anaesthetized dogs by means of 
a hypodermic needle introduced into the cisterna magna. An increase in 
the concentration of the total 5-OR indolyl compounds in the c.s-f. 
was demonstrated 2 hr after an intravenous injection of reserpine (2 mg/ 
kg). No change in the concentration of the total 5-OR indolyl compounds 
in the caudate nucleus was observed at this time after the injection of 
reserpine. The separate estimation of the acidic and basic fractions of the 
total 5-OR indolyl compounds in the caudate nucleus showed that 2 hr 
after the administration of reserpine there was a decrease in the basic 
fraction and a corresponding increase in the acidic fraction. 


Tonic influence of the adrenals on sodium excretion 
By J. N. Mitus, 8S. Tuomas and K. 8. Wm.iamson. Department of Physio- 


logy, University of Manchester. 

It has been claimed, e.g. by Ross & Bethune (1959), that aldosterone— 
and, by implication, other adrenal steroids—play an insignificant role in 
the control of sodium excretion in normal subjects on a normal diet. Any 
increase in sodium excretion on giving spirolactones is evidence of adrenal 
steroid activity, as Liddle (1960) and others have shown that spirolactones 
have no direct effect upon the kidney, and only alter sodium excretion by 
blocking the effects of adrenal steroids. 

In the course of investigations on the blocking activity of spironolactone 
(Aldactone Searle), we have always observed higher sodium excretion in 
subjects given the drug in total dosage of 200-600 mg than in control 
experiments. In a series of 50 collections of night urine on the authors, 
spironolactone increased mean sodium excretion from 66 to 92 pequiv/ 
min in M, from 23 to 30 in T, and from 42 to 87 in W. In the same subjects 
recumbent from 09.00 to 11.00, mean excretion was increased from 351 to 
535, from 180 to 206, and from 186 to 344 pequiv/min. In a group of 
11 students, mainly sedentary, between 10.30 and 12.30, the mean excre- 
tion was increased from 168 to 280 »equiv/min; and in a further series of 
15 students recumbent between 12.00 and 17.00, the mean was increased 
from 254 to 350 pequiv/min. Apart from the morning experiments on 
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ourselves, which were few, the differences are all significant (P < 0-05), 
and most are highly significant (P < 0-01). 

These figures indicate that, whatever be the rate of steroid secretion by 
the adrenals under these conditions, it exerts a quite substantial influence 
upon the kidneys. Since the blocking effect of spironolactone may be incom- 
plete, this adrenal influence may be even greater than our figures suggest ; 
but since hydrocortisone is also blocked at least in part (Kagawa, 1960; 
Mills, Thomas & Williamson, 1961), we cannot attribute the tonic influence 
specifically to aldosterone. 
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Passage of substances into the blood and lymphatic vessels of the 
liver 

By W. H. H. Anprews and I. pet Rio Lozano. Department of Pharma- 
cology, St Mary's Hospital Medical School, London, W. 2 

The hypothesis that extracellular substances are removed by lymphatics 
was tested in the case of the liver by means of iodinated (I) human 
albumin and colloidal gold (Au). Radioactivity was measured with a 
scintillation counter. Experiments were carried out on rabbits anaesthe- 
tized with pentobarbitone and urethane. 

In five experiments the albumin was placed on the liver capsule. 
Hepatic lymph was collected and blood samples were taken at intervals. 
The activity of plasma, measured in counts/ml., increased rapidly, and 
after 10 min was at least 30°, of the value reached at 90 min. The activity 
of lymph increased more slowly and lagged 15-30 min behind that of 
blood. In a further eight rabbits the albumin was injected intravenously : 
with collected lymph volumes of up to 6 ml./hr the activity in lymph did 
not reach its maximum for at least 1 hr, by which time the plasma activity 
had decreased appreciably. In none of the above experiments did the 
activity of lymph exceed 80°, of the concurrent activity of plasma. 

Injection of Evans Blue under the capsule has been used as a method of 
identifying visually lymphatics coming from the liver. In 2 rabbits radio- 
active albumin was so injected, and in both the activity of lymph rose to 
slightly more than that obtaining in plasma. Most of the albumin evi- 
dently passed rapidly into the blood vessels, for had it remained in the 
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lymphatics much higher activity would have been recorded in lymph. 
In two rabbits 0-03 ml. albumin solution was injected into the hilar 
lymphatics. A sudden increase of plasma activity was noted after 5 and 
20 min indicating when the albumin entered the blood. The difference in 
time is presumably due to different rates of lymph flow, great variation 
being noted from animal to animal. 

It would therefore appear that in normal rabbits the absorption of 
iodinated albumin from the surface and substance of the liver is mainly via 
the blood vessels. 

In another three rabbits colloidal gold was placed on the hepatic capsule. 
No radioactivity was detected in lymph or the hilar lymph node, removed 
after | hr. Slight activity was found in blood, and appeared to be due to 
small particles which are not readily phagocytosed. It is not known by 
what mechanism these particles traversed the capsule and endothelium. 


The work was supported by the Medical Research Council. 


Release of a slow reacting substance (SRS) in the peritoneal cavity 
of rats by antigen-antibody interaction 

By H. J. Rapp. National Institute for Medical Research, Mill Hill, 
London, N.W.7 

Brocklehurst demonstrated the release of SRS—A during anaphylaxis in 
guinea-pigs by introducing specific antigen, during perfusion, to the lungs 
of sensitized guinea-pigs. Similar attempts to obtain SRS—A from the lungs 
as well as other organs of sensitized rats were unsuccessful (Brocklehurst, 
1960). Uvniis and his colleagues have claimed that SRS is released from 
rat mast cells by compound 48/80 (Uvnis & Thon, 1961). 

In the present work, rats were passively sensitized with rabbit anti- 
serum by intraperitoneal injection and (usually 24 hr later) challenged 
with specific antigen, also by the intraperitoneal route. Five minutes 
after injection of antigen, the rats were killed and the fluid recovered from 
the peritoneal cavity. 

Assays of the peritoneal fluid for SRS activity were carried out in the 
usual manner, that is, on atropinized guinea-pig ileum in the presence of 
sufficient mepyramine to prevent contraction of the ileum by histamine. 
In addition, the guinea-pig ileum was desensitized to the antigen and 
antibody used in the rats. 

Under suitable conditions, high concentrations of SRS are obtained. 
No difference in pharmacological properties has been found between rat 


SRS and a sample of guinea-pig SRS—A supplied by Dr W. E. Brocklehurst. 
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The release of SRS into the peritoneal fluid by antigen-antibody inter- 
action is accompanied by hyperaemia of the omentum, especially in the 
tissue surrounding the pancreas. 

The source of SRS is not yet known, since isolated pieces of intestine, 
omentum, mesentery or free peritoneal cells from sensitized rats all failed 
to yield detectable SRS when incubated with antigen in vitro. There is no 
evidence that mast cells are involved in SRS release by antigen and anti- 
body. Although rats under pentobarbitone anaesthesia reacted in the same 
way as unanaesthetized rats with regard to visible damage and SRS release, 
animals challenged with antigen 2-3 min after death released little or no 
SRS and there was no visible damage to the omentum. This was also true 
for rats perfused with washed human erythrocytes during the challenge 
period. 

Injection of antigen-antibody mixtures into live rats failed to bring 
about the release of SRS or the production of visible damage. There is a 
good correlation between uptake of ™'L-labelled rabbit gamma globulin on 
the tissues in the peritoneal cavity and subsequent release of SRS by 
specific antigen; that is to say, that maximal release of SRS by specific 
antigen is obtained when there is maximal fixation of gamma globulin to 
the tissues. 

Histamine release was inconstant-——in most instances no increase over 
controls was detected although occasionally significant release occurred 
when antigen was given within a few minutes of antibody. 
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Release of histamine from rat peritoneal mast cells by antibody 
against rat y-globulin 

By K. F. Austen and J. H. Humenrey. National Institute for Medical 
Research, Mill Hill, London, N.W.7 


Release of histamine from rat tissue or peritoneal mast cells on contact 
with antigen has been reported fairly regularly, provided that the rats 
were sensitized by intraperitoneal injection of horse serum and B. pertussis 
suspension. However, when rats were immunized by administering human 
serum albumin, bovine serum albumin, human gamma globulin or haemo- 
eyanin (adsorbed on alum 1.v., or in Freund’s adjuvant 1.M.), neither 
histamine release nor mast-cell damage occurred on addition of antigen to 
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peritoneal cells or mesentery, despite the presence of abundant antibody. 
Passive sensitization with rat or rabbit antibody was likewise unsuccessful. 

It had previously been reported by Humphrey & Mota (1959) that anti- 
body against homologous y-globulin would cause histamine release and 
mast-cell damage in the guinea-pig and mouse. Rabbit anti-rat y-globulin 
(anti RGG) is likewise effective in rats. That the effect is due to the specific 
antibody is shown by the fact that previous removal of the antibody by 
precipitation with pure rat y-globulin removes > 99%, of the activity of 
the antiserum. Incubation of normal rat mesentery, washed peritoneal 
cells or purified mast-cell suspensions in Tyrode’s solution with anti-RGG 
at 37° for as little as 4 min causes histamine release, Although anti-RGG 
at a concentration of 5 ug/ml. released 10°, of the histamine, higher con- 
centrations, up to 450 pg/ml. did not release more than 70%. No SRS was 
detectable in this system. Under standard conditions the percentage re- 
lease from replicate samples was quite reproducible, and could be used to 
examine the effect of various inhibitors and potentiators of anaphylaxis 
already examined in the guinea-pig lung by Austen & Brocklehurst (1960). 

The following substances caused 70°, or more inhibition of histamine 
release: di-isopropyl phosphorofluoridate (4 10-*M), salicylaldoxime 
(4x 10°*M), indole (2 x 10°-*m). In each case the inhibitor was only effective 
when present at the time when antigen was added. The chymotrypsin sub- 
strates, L-tryptophan ethyl ester and L-phenylalanine ethyl ester, which 
inhibit in the guinea-pig system, themselves acted as histamine liberators 
in the rat system and their effect on anaphylactic release could not be 
evaluated. Succinate (4x 10m) which enhances, and caproate, which 
inhibits in the guinea-pig system, had no effect in the rat system, When 
Ca** and Mg*’ were omitted from the suspending medium, no histamine 
was released. 

The mechanism involved in reversed anaphylaxis using rat tissues there- 
fore resembles that involved in anaphylactic release of histamine in guinea- 
pig tissues in some, but not in all respects. Since well washed peritoneal 
cells, treated with a purified y-globulin fraction prepared from the anti- 

RGG serum, still released histamine it is evident that extrinsic serum 
factors cannot be involved unless they are firmly bound on the cell surface. 
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The effect of bradykinin aerosol in guinea-pigs and in man 


By H. Herxnemer and E. Stresemann. Asthmapoliklinik, Free Uni- 
versity of West Berlin, Germany 

Intravenous injection of bradykinin in guinea-pigs causes broncho- 
spasm in the Konzett—Réssler preparation (Collier, Holgate, Schachter & 
Shorley, 1960). We have investigated the effect of an aerosol of synthetic 
bradykinin (Konzett, Stiirmer, Lewis, Shorley & Collier, 1960). This was 
administered by nebulizing a solution under constant pressure into a glass 
chamber resting on a rubber cushion and allowing the aerosol to escape 
from underneath the edges of the chamber (Herxheimer, 1952). By this 
technique 025°, acetylcholine, 0-5°%, histamine and 1°%, 5-HT cause 
severe dyspnoea leading to convulsions (Herxheimer, 1955). Bradykinin 
in concentrations of 0-5, 1 and 2%, did not cause any dyspnoea. When up 
to 6 mg/kg was given intraperitoneally, it was also ineffective. However, 
much smaller doses given intracardially caused long-lasting severe 
dyspnoea. 

In contrast, a 0-5°, bradykinin aerosol was very active in asthmatic 
patients, but not in normal subjects. Of fifteen patients who breathed this 
aerosol from a nebulizer attached to a closed spirometer circuit (Herx- 
heimer, 1949) for periods from 5 to 60 sec, thirteen showed a definite 
decrease of the vital capacity which began after | min and reached a level 
10-30%, below normal after 5 min. Later the bronchospasm, which some- 
times caused audible wheezing and was accompanied, in most cases, by 
cough, gradually improved, and the vital capacity returned to normal 
spontaneously about 20-30 min after the inhalation. In four normal sub- 
jects no reduction of the vital capacity but some cough occurred after 
60-120 sec inhalation. After 300 see a slight reduction of the vital capacity 
accompanied by coughing and wheezing occurred in one of two normal 
subjects. It is of interest that one of the substances which Collier & 
Shorley (1960) found to be specific antagonists in bradykinin-broncho- 
constriction in guinea-pigs, phenazone, is contained in many proprietary 
asthma powders. In our experiments with experimental bradykinin 
asthma in man, atropine, mepyramine, aminophenazone and phenazone 
had an antagonistic effect in some of the experiments. 


We are indebted for gifts of synthetic bradykinin to Parke, Davis and Co, and to Sandoz 
A.G, 
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Byssinosis: studies of the activity of extracts of cotton dust and 
other vegetable dusts 
By P. J. Nicnoiis. Welsh School of Pharmacy, Cathays Park, Cardiff 

McKerrow, McDermott, Gilson & Schilling (1958) showed that the 
symptoms of byssinosis are accompanied by changes in respiratory func- 
tion and were apparently due to an active component in the cotton dust. 

Extracts of airborne dust from cardrooms of English and Dutch cotton 
mills were prepared by grinding 5 g of the material with 20 ml. of saline 
(0-9°%, (w/v)) in the presence of sand in a mortar for 15 min. When the 
extracts were centrifuged at 3100 9 for 30 min a clear yellow-coloured and 
slightly viscous solution resulted. 

The extracts caused contraction of the isolated ileum of the guinea-pig, 
similar in speed of onset and duration to that produced by histamine. This 
activity was not blocked by the presence in the bath of atropine sulphate 
10-7, lysergic acid diethylamide 10~’ or hexamethonium bromide 10~’, 
Mepyramine maleate 10-7 had only a small effect in reducing the response 
of the muscle to dust extracts. These results are similar to those of Daven- 
port & Paton (personal communication, 1960), who used higher dilutions 
of the dust extract. 

When added te a bath containing the isolated tracheal muscle prepara- 
tion of the guinea-pig the extracts caused a slow contraction of the muscle 
which relaxed slowly on washing out. This activity was unaffected by 
atropine 10-7 or mepyramine 10~?. Isolated human bronchial muscle also 
contracted when the dust extracts were added to the muscle bath. 

The extracts had no significant action on the isolated duodenum, colon 
or uterus of the rat but they caused vasoconstriction in the perfused hind 
quarters of this animal and histamine appeared in the perfusate. After 
injection of the extracts into the peritoneum of the rat, histamine ap- 
peared in the peritoneal fluid. Cotton-dust extracts elicited a hypotensive 
response 25-30 sec after intravenous injection into the chloralosed cat. 

The activity described is probably of plant origin, as similar reactions 
are given by extracts of the pericarp and bracts of the cotton boll but not 
by extracts of the cotton linters or seeds. The detection of a histamine- 
liberating substance in the seeds by Antweiler (1960) appears at variance 
with these findings. 

Extracts of dust from flax, sisal and jute mills have been found to 
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contain a similar contractor activity. Comparison of the activity of these 
dust extracts on the isolated ileum of the guinea-pig ranks these dusts in 
the same order as the probable severity of byssinosis in these mills, 
i.e., cotton > flax > sisal > jute. 
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Factors influencing forebrain oxygen tension in the rabbit 


By B. A. Cross and |. A. Stiver. Department of Veterinary Anatomy, 
University of Cambridge 


Renal response to oxytocin and vasopressin in the presence of 
stilboestrol 


By Sysu. Liuoyp and Mary Pickrorp. Department of Physiology, Uni- 
versity of Edinburgh 

The object of the experiments was to study the effect of oestrogen admini- 
stration on the renal response to vasopressin and oxytocin. Bitches were 
used and stilboestrol given subcutaneously in a dose of 0-033 mg/kg for 
2-8 days consecutively. In three dogs during treatment, vasopressin given 
intravenously during the course of water diuresis had a normal anti- 
diuretic effect, but did not induce the rise in Na and Cl exeretion seen in 


untreated dogs. In four dogs oxytocin given intravenously was moderately 
antidiuretic and did not cause the normal delayed rise in electrolyte 


excretion, whether the rate of urine flow was high or low; in 2 dogs 
observed on the 2nd day and at a low rate of flow there was a large 
immediate increase in Na and Cl excretion. Inulin and diodone clearance 
measurements have so far been made in only one dog during treatment 
with stilboestrol and before and after intravenous infusions of oxytocin. 
On the 3rd day of treatment oxytocin caused a greater than usual rise in 
renal plasma flow (rrr) from a normal level; on the 6th day the Rrr was 
high and fluctuating and oxytocin did not increase it further. The glomerular 
filtration rate (G.¥.r.) on the 3rd day was lower than normal and was re- 
duced following oxytocin; on the 6th day the G.v.r. was higher again and 
was not further increased by oxytocin. This same dog showed a large 
delayed rise in Na and Cl excretion following an intracarotid injection of 
oxytocin. Thus, during treatment with stilboestrol the kidney is able to 
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respond normally to intravenous vasopressin and oxytocin as far as water 
excretion is concerned, and also responds normally with regard to electrolyte 
excretion when oxytocin is given into the carotid artery. Electrolyte 
excretion following intravenous vasopressin or oxytocin is not normal, This 
may be due, in part at least, to disturbance of renal blood flow and pressure 
during treatment with oestrogen. Other blood vessels are also affected. 
Limb blood-flow measurements in anaesthetized dogs show that oxytocin 
normally dilates these blood vessels but after stilboestrol or oestriol 
oxytocin constricts them. 


The effect of breathing CO, on body temperature regulation 


By J. A. Downey and R. F. Morrram. M.R.C. Body Temperature 
Research Unit, Department of the Regius Professor of Medicine, The Radcliffe 
Infirmary, Oxford 

There is some evidence that CO, affects body temperature in man and 
animals (Brown, 1930; Stupfel, Jouany & Jaulmes, 1957; Good & Sellars, 
1957; von Euler & Séderberg, 1958). 

In an attempt to determine the effects of CO, on body temperature 
regulation the following experiments were performed in man and rabbits. 

In all experiments air and air with CO, was supplied saturated with 
water vapour at environmental temperatures (23-25° C). The human sub- 
jects wore an anaesthetic mask and breathed through their noses, Oral, 
skin and room temperatures were measured with copper eureka thermo- 
couples and hand heat elimination with a calorimeter (Greenfield & 
Scarborough, 1949). The rabbits were in a closed box with the air supplied 
at 10-11 1./min. 

Three men wearing only underpants were exposed to a neutral (28-29°C) 
and cool (23-24° C) room. Oral and skin temperatures and hand heat 
elimination were measured, In both environments breathing 4-5°%, CO, 
for 20-30 min had no appreciable effect on the oral or skin tempera- 
tures, and caused either no change or a fall in hand heat elimination in 
both environments. One subject had an increased hand heat elimination 
after stopping CO, in the neutral environment. One subject was seen to 
shiver while breathing CO,. None of the three felt any modification of their 
sensations of cold. 

In four trained males rectal temperatures were measured before, during 
and after moderate steady-state exercise in a neutral environment while 
breathing air or 3°%, CO, in air throughout the exercise (20 min). The 
rectal temperature during exercise while breathing CO, rose as much or 
more than it did during similar exercise while breathing air. The rate of fall 
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of rectal temperature after exercise was greater when CO, had been used. 
Similar results occurred in two subjects breathing 5%, CO,. 

Breathing 10%, CO, in air had no consistent effect on rabbits’ rectal 
temperature in neutral (23-24° C) or cold (10—-12° C) environments for 
6-8hr. The febrile response to 0-2 ug pyrexal (lipopolysaccharide 
&. abortus equi)/kg given intravenously was studied in neutral environ- 
ments. In six paired experiments in rabbits 10°, CO, did not affect the 
fever response (Wendt, Snell, Goodale & Cranston, 1956) to this dose of 
pyrogen, though the second peak of the biphasic pyrexal-induced fever 
was delayed by CO,. 

In the circumstances of these studies CO, did not appear to affect body 
temperature. There was no evidence of skin vasodilation and the subjective 
sense of cold was not changed. 


REFERENCES 


Brown, E. Q. (1930). U.S. naval med. Bull. 28, 523. 

Goon, A. L. & Sevuers, A. F, (1957). Amer. J. Physiol. 188, 451-455. 

Greenrietp, A. D. M. & Scarnoroven, H. (1949). Clin. Sei. 8, 211-215. 

Srupre.t, M., Jovany, J. M. & Jautmes, C. (1957). C.R. Soc. Biol., Paris, 151, 
2045-2049. 

von Eu er, C. & SOperperc, U. (1958). Acta physiol. scand. 42, 112-129. 

Wenoprt, F., Syeit, E. 8., Goopare, F., Jr. & Cranston, W. I. (1956), Clin. Sei. 
15, 485-489. 


Continued from front cover 
Ashcroft, G. W. and Sharman, D. F. The effect of meerpine on the concentration of 


the dog . 
Mills, J. N., Thomas, 8. and Williamson, 8. Toute 
sodium excretion 


Andrews, W. H. H. of into the blood and 
lymphatic vessels of the liver . > 

Rapp, H. J. Release ofa alow reacting wubatance (SRS) inthe peritoneal eavity of 
rate by antigen-antibody interaction 

Austen, K. F. and Humphrey, J. H. of fom rt peritoneal mast 
cells by antibody against rat a-globulin . ‘ 

The effect of bradykinin aerosol in 

man . ‘ 
P. studio ofthe activity of extraca of cotton dust and 


B. A. I. A. Factor influencing forebrain oxygen tenaion i the 
rabbit . 

Lloyd, Sybil and Pickford, Mary. 
presence of stilboestrol . 

Downey, J. A. and Motiram, Tho of boating 00, on body 
regulation 


PAGE 
32P 

33P 
36P : 
36P : 
38P 
30P 

40P 
40P 
41P 


427 PROCEEDINGS OF THE PHYS. SOC., 20 MAY 1961 


of rectal temperature after exercise was greater when CO, had been used. 
Similar results occurred in two subjects breathing 5%, 

Breathing 10%, CO, in air had no consistent effect on rabbits’ reetal 
temperature in neutral (23 24°C) or cold (10-12° C) environments for 


6 Sher. The febrile response to pe pyrexal (lipopolysaccharide 


8. abortus equi)/ky given intravenously was studied in neutral environ 
ments. In six paired experiments in rabbits 10%, CO, did not affect the 
fever response (Wendt, Snell, Goodale & Cranston, 1956) to this dose of 
pyrogen, though the second peak of the biphasie pyrexal-induced fever 
wis delayed by CO, 

In the cireumstances of these studies CO, did not appear to affeet body 
temperature, There was no evidence of skin vasodilation and the subjective 


sense of cold was not changed, 


REFERENCES 


Hnows, Q. (1990). US. naval med. 62% 

ALL. & (1957). Amer. J, Physiol, 188, 451-455 

ALD. M. & HE (1040). Clin, Sed. 215 

Srorren, M., douasny, Jd. Mo & ©. (1057). CLR, Soe. Hiol., Paria, 151, 

von Buren, & SOnennena, U. (1958), Acta physiol, seand. 42, 112-120 

8., Goopare, FL, dr. & Cranwron, W. (1056). Clin, Sei 
15, 465 450 


Continued from front cover 


Ashoroft, G. W. and Sharman, D, F’. The effect of reserpine on the concentration of 
the dog . 

Milla, J. N., Thomaa, 8. and Williamson, K, Tendo af ob 
sodium excretion ‘ 

Andrews, W. H. qud Inte of into he blood and 
lymphatic veasela of the liver . 

Rapp, H. J. of alow reacting (SKS) in tho peritoneal cavity o 
rata by antigen-antibody interaction —. 

Auaten, K, and Humphrey, J. Helena of from ra perineal mat 
cells by antibody against rat a-globulin . 

Herxheimer, H. and Streaemann, The eet of bradykinin sara! in pig 
and in man 

Nicholla, P. J, Byminonin: ation of activity of exteneta of ottan dunt and 
other vegetable dusta 

and Silver, I. A. Factor inning the 


presence of atilboostrol . 
Downey, J. A, and Mottram, R. F. The oot of breathing 00, temperature 


| 
36 P 
38P 
40P 


THE JOURNAL OF PHYSIOLOGY, SEPTEMBER I96I 
Vou. 158, No. 2 


CONTENTS 


BANGHAM, D. R., HOBBS, K. R. awp TEE, D. E. H. Tux ontom anp 
NATURE OF PROTEINS OF THE LIQUOR AMNII IN THE RHESUS sepsis 
A NEW PROTEIN WITH SOME UNUSUAL PROPERTIES . ; 

ALLWOOD, M. J. anpy GINSBURG, Jean. Tux errecr or PHENOXYBEN- 
ZAMINE (DIBENYLINE) ON THE VASCULAR RESPONSE TO SYMPATHOMI- 
METIO AMINES IN THE FOREARM 

BROWN, K. T. anp WIESEL, T. N. OF 
ELECTRORETINOGRAM IN THE INTACT CAT EYE 

BROWN, K. T. WIESEL, T. N. Loca.izaTiIon OF ORIGINS OF ELECTRO- 
RETINCCRAM COMPONENTS BY INTRARETINAL RECORDING IN THE INTACT 
OAT EYE ; 

BROWN, K. T. anp TASAKI, K. OF ELECTRICAL. ACTIVEEY 
IN THE CAT RETINA BY AN ELECTRODE MARKING METHOD 

CURTIS, D. R., PHILLIS, J. W. ann WATKINS, J. C. Seeman ines 
NON-CHOLINERGIO TRANSMISSION IN THE MAMMALIAN SPINAL CORD 

BURR, L. H. anp McLENNAN, H. 
NORMAL AND DYSTROPHIC MOUSE MUSCLE : 

CATTON, W. T. RECOVERY AND FATIOUE OF TACTILE RECEPTONS 

DOMER, F. R. oF MOD 10 FLUID 
IN CATS 

FOURMAN, Juua ap MOFFAT, D. B. OF 
CUSHIONS ON PLASMA SKIMMING IN SMALL ARTERIES : 


AXELSSON, J. OF AND MBORANICAL ACEIVETY 


(Contents of Proceedings are inside front and back covers) 


Printed in Great Britain at the University Press, Cambridge 
(Brooke Crutchley, University Printer) 


PAGE 
207 
219 
229 
267 
281 
296 
324 
333 
366 
374 
381 


